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ABSTRACT 


Long waves generated by localised air pressure 
gradients and wind stresses acting on the surface are termed 
storm surges. This report investigates the equations of motion 
of these long waves and their solutions for particular cases. 

The equations are simplified by using steps justified 
from physical considerations. In addition the advantages of 
using an averaged form of these equations is discussed. 

Long waves propagated in a non-rotating system are 
not dispersive, but in general they are dispersive ina 
rotating system. The free oscillations of long waves are 
discussed for the cases of an unlimited sea and a circular 
basin in rotating systems. Special types of non-dispersive 
long waves are found and investigated. Modified forms of 
these waves are found when a simple frictional effect is 
included. 

General solutions are found for the elevation and 
velocities of storm surges generated on an infinite rotating 
sea for which all bottom friction is neglected. Particular 
solutions are then derived for a given stationary generating 
force of constant amplitude suddenly applied and maintained 
over one half of the infinite sea. Extensions to the solutions 
are carried out to investigate non-instantaneous and non- 
mifanitevertects of such a force. The effect of a barrier 
Bee rignt angles to the’ motion is briefly considered. . In) add- 


ition a travelling generating force moving with the maximum 


- iil - 


group velocity of the waves is shown to lead to an ever- 
increasing surface elevation. 

Lastly the equations of motion in cylindrical co- 
ordinates are used to investigate two simple axially symmetric 
cases. The generating forces used approximate well to cyclonic 


atmospheric conditions. 
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NOTATION 


Phase velocity of the surge. 

Group velocity of the surge. 

Acceleration due to gravity. 

The depth of water. 

Wave number, defined as 27 x (wavelength) “+, 

Coefficient of eddy viscosity, presumed constant. 

Pressure in the sea at depth z. 

Air pressure on the sea surface. 

A cylindrical co-ordinate system with r,@ in the 
mean sea surface and z vertically upwards. 

Time. 

Period of the surge. 

Velocities relative to the (x,y,z) co-ordinate 
system. 

Horizontal depth mean velocities in the x,y 
directions respectively. 

Velocities relative to (r,e,z) co-ordinate 
system. 

Horizontal depth mean Selosi ies in the r,® 
directions respectively. 

A right-handed co-ordinate system with x,y in 
the mean sea surface and z vertically upwards. 

Coriolis parameter equal to 2sino. 


Elevation of the sea surface above the mean 


level. 
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Wavelength of the surge. 

Density of the water assumed uniform. 

Frequency of the surge, defined as 27 x 
(period) -1. 

Horizontal components of the frictional stress 
in the r,@ directions respectively. 

Horizontal components of the frictional stress 
in the x,y directions respectively. 

North latitude of the sea presumed constant. 


Angular velocity of the Earth. 


Other symbols used will be defined locally. 
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INTRODUCTION 


oie The: PhysacalyProblem 

The accurate prediction of variations in the level 
of the sea is of the utmost importance to all maritime nations. 
Engineers require this knowledge for the design of adequate 
sea-defences, harbour-masters for the economical use of their 
ports, captains for the safe navigation of coastal waters and 
the population of low-lying exposed coastal areas for ample 
warning should flooding prove imminent. 

The changes in sea level can be initially separated 
into periodic» (oer tidal) and transient variations. The tidal 
variations, consisting mainly of the astronomical tides, can 
already be accurately forecast, so that the problem reduces to 
one of the prediction of the transient effects. Part of the 
transient variation in sea level is made up of the ordinary 
surface waves with periods of a few seconds. The remainder 
can be termed the "meteorological sea-level effect". There 
are rare occurences of strong seismic transients but these 
are neglected, along with the surface waves, in this treatment. 
The "meteorological sea-level effect" includes variations due 
to precipitation, evaporation, heating and cooling, but the 
effects due to these causes are small compared to the effect 
of the wind and pressure, at least over the reasonably short 
periods which are of interest. 

The definition of a storm surge is that effect of 
wind and pressure on the sea surface associated with a single 


storm. Fortunately there does not seem to be a marked 


interaction between the motions due to the different causes 
mentioned above, so that the motion of interest can be extracted 
from observations and studied separately. The amplitude of 
these surges is usually a few feet, but several times eace 
century surges have been recorded whose amplitudes have reached 
a range of ten to fifteen feet or even more. These extreme, oF 
major, surges created by severe storms occuring under the most 
unfavourable conditions have caused many catastrophies in the 
past, and a greater understanding of the generation and propa- 
gation of such surges is needed to avoid similar catastrophies 


in the future. 


1.26: The®tPredictzionsofaSterm Surges 

In the past empirical forecasting methods, based on 
observational data, and prevailing meteorological conditions, 
have formed the basis for the prediction of storm surges, but 
in more recent years numerical methods using digital computers 
have been adopted successfully to this problem. In fact, the 
progress using this technique is being hampered by inaccuracy 
in weather forecasting, according to Welander (1961). 

The exact mathematical treatment of the problem as it 
occurs in nature is impossible due to the complicated boundary 
conditions, generating forces and viscous effects. However 
the mathematical solutions to particular problems, where 
simplifying assumptions have been made, are important. Such 
solutions throw light on the properties of surges and these 


simplified models should be of use in more elaborate analyses 


using computing techniques. The study of such theoretical 
Ospeces Or Che problem 1s teieitobjective of the following ‘report. 
im Giesininst@ sectiomiof thei report c«cthemequations of 
motion are derived in a general manner. These equations are 
then simplified by neglecting certain terms using physical 
considerations. The difficulty of taking into full consider- 
ation the viscous forces within the liquid is overcome by 
averaging the equations throughout the depth. The equations 
which then result are approximate, in that they satisfy exact 
conditions only at the boundaries, yielding a mean solution 
for the rest of the fluid. Proudman (1954) justified the 
use of the averaged equations by a direct comparison with the 
solutions from the non-averaged equations for a particular case, 
Proudman and Doodson (1924). This paper is discussed briefly. 
Bearing in mind the assumptions made in deriving the 
simplified equations of motion the equations are used to discuss 
the free oscillations of a rotating system. In these cases the 
generating forces and the viscous effects are taken to be zero. 
The free oscillations show how long waves propagate on a rotat- 
ing system, and two special types of waves are found that can 
travel without change of shape. It is shown however that in 
general in a rotating system long waves are dispersive. The 
two special waves are called Kelvin waves and Poincaré waves, 
the former being described by Kelvin (1879) and the latter by 
Poincaré (1910). The basic forms of these waves were modified 


by Proudman (1954) to include a simple form of bottom stress, 


and these modified waves, termed "damped" Kelvin and "damped" 
Poincaré waves are briefly discussed. 

Crease (1955) has considered solutions to the averaged 
equations of motion in whaichtthe: forcing terms tsa tats Scie 
atmospheric pressure gradients and surface wind effects, have 
been taken into account. This paper is dealt with in detail. 
The system chosen is that of an infinite rotating sea of uniform 
depth, and the main purpose of his paper is to investigate the 
dispersive nature of long waves propagated on a rotating system. 
Extensions of his paper to include the effect of a moving gen- 
erating force, and the effect on a barrier are considered more 
briefly. 

The type of generating force assumed by Crease is of 
a very Simple form, and extensions to his solutions by slight 
modifications to the assumed law of force are presented in the 
atte r parti o Liens nkrepone. 

The equations of motion can be derived in cylindrical 
co-ordinates, but apart from a discussion by Lamb which is 
incorporated into the section dealing with free oscillations, 
the consideration of cylindrical co-ordinates seems to be 
largely neglected. Welander (1961) suggests that cartesian 
co-ordinates are preferable because of difficulties occuring 
at the origin when cylindrical co-ordinates are used. However 
by assuming axial symmetry the equations may be simplified and 
solutions are found when generating forces are included which 
approximate well to cyclonic atmospheric disturbances. These 


solutions are given in a form suitable for numerical analysis. 


In the final discussion the place of exact mathemat- 
ical theory in this complicated problem in relation to the other 
methods of prediction is evaluated. 

Throughout the work treated in this report some over- 
all assumptions have inevitably to be made in order to commence 
a mathematical analysis. The whole of the energy available 
from the atmospheric generating forces will be assumed to be 
used solely for the generation of that part of the wave spectrum 
under consideration, i.e. long waves. The actual partition of 
energy is still unknown and the above assumption is used gen- 
erally. The interaction between the surge and the oscillations 
of the sea-surface due to astronomical and other effects is 
neglected, an assumption justified by most observations. There- 
fore the wave may be assumed to be propagated on a calm sea, and 
if necessary, the total variation of the sea-surface can be 
found by direct superposition of the different linear effects. 
The latitude of the seas in which the surges are supposed to 
take place is considered constant over the whole region of 
motion. 


THE DYNAMICS OF THE STORM SURGE 


2,1 ~The Equations of Motion 

Equations of motion are required with respect to axes 
relative to an observer moving with the Earth on the Earth's 
surface. In the following diagram, figure 1, the Earth's centre 
is taken at C and the Direction CN is the North pointing axis of 
rotation of the Earth. It is assumed that the Earth is fixed in 


space. 
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Figure 1. Axes of Rotation and Coriolis Components. 


The accelerations of a particle relative to axes 


C(X' YNZ QO fdxedeintspatcée ares givensby Dexia) ip2yvs, 5ipegs 
Dt2 Dt? Dt? 


along the X', Y) Z' directions respectively, using D in the 


rr 


usual Eulerian notation. 

The axes C(XYZ) in the figure correspond to axes 
fixed in the Earth which is rotating about CN with a constant 
angular velocity 2. This rotation has components Qsingd about 
the axis CZ and Mcosé aboutithe axissCY;- The accelerations soe 


a particle relative to, and in the direction of, these axes 


CihXYZ) care ae =w2%Sing sDY xt ieee 
Dt? Dt Dt 


Bey. + qapvates) ie (aes - 22cos¢.DX\ respectively, where the 
(73 Dt Dt? ed 

squares of 2 have been neglected as being very small. Trans- 
ferring the origin to a point in the Earth's surface alters 

the accelerations relative to the new axes only in the terms 


containing 22, Therefore the accelerations required relative 


to O(xyz) are Du - 2Qsingd.v + 2Qcosd.w ; Dv + 2Qsingd.u and 
DE Dt 


Dw - 22cosd.u , where (u,v,w) are the velocities at time t 
Be ive to these axes. 

Hence if O(xyz) is a co-ordinate system fixed relative 
to the Earth at a latitude $¢ with x and y East and North respec- 
tively and z vertically upwards, (u,v,w) are the corresponding 
velocity components, p the pressure, p the density, g the accel- 


eration due to gravity and (F For the corresponding general 


xtFys 


frictional terms, then the equations of motion are as follows:- 


du + udu + vou + wou - 2Qsingd.v + 2Ncosd.w 


FE tek koma ink ale. 

= -l ap + F, 

0, ox 
(2$1) 

ov + udv + vov + wov + 2Qsingd.u = Soe 
Stoo lin thobioexsDz @olY tax. % 
Be brulee wet wow on BcOsiekeHarvloepeh Ears 9 
Jt OX oy OZ 0 0Z 


and since a liquid is being considered the continuity equation 
is 


du + ov + ow = 0 (2 #2} 


The approximations so far used in writing down 
equations (2.1) and (2.2) have assumed an incompressible sea of 
uniform density and neglected the effect of the curvature of 
the Earth's surface. The assumption concerning the density is 
consistent with physical considerations in seas well mixed by 
turbulence. The curvature of the Earth's surface can be 
considered negligible if the region under consideration is not 
too Large, in exceenc. 

The above equations are in a general form and can be 
simplified by the use of an order of magnitude analysis 
developed by Charnock and Crease (1957) and used here in an 
adapted form. 

The amplitude of the surge (5 is assumed small com- 
pared with the depth h. The horizontal scale of the surge, 
denoted by its wavelength A, is taken as large compared to h. 
These assumptions are based on observations and are generally 
true, however on rare occasions when large surges are propa- 
gated on shallow seas the ratio of the amplitude of the surge 
to the depth of water may not be negligible. An example of 
such an occasion was provided by the major surge in the North 
Sea in 1953, when the value of ¢,/h reached an order of about 
1/5 in the southern half of the sea. The corresponding value 
of h/A for the same surge was about t= 

The equations of motion can be reduced to a non- 
dimensional form by referring all velocities to Jgh, lengths 


to h, times to h/ MCR eo [g/h, pressure to pgh and the 


frictional forces to g. The non-dimensional equations are 


eeagie: gio fiver Oh whut = 2h hSsing. wiitu2Qtcoso.w' 
ot. ax? oy' og. 

Sea heme (225) 

ay! 

eto Seay, tO Pwo? Ae 280" Sindee "ys -dp' otok sy! (2.4) 
at! Ox" oy! oz" ay" Y 
Cae OW. Fe VV" OW, FF ow OW’ = 2ii'cosé.u' = -dp' + F ' = 1 (2.5) 
at" ox! ay! oz! az" ra 


and the continuity equation 


wi OV tow = 0 (2. 6)) 
ox’ Oy OZ 


where non-dimensional quantities are denoted by a prime. 


The assumptions Co<<h,A>rh now become 
peo te Ate rd (ea) 


The vertical velocity w varies from a value of zero 


Se), ctiat s) the seq bottom, to Dc at the "sea, surtace. 
Die 
The fact that w = Dt at z = ¢ merely expresses the fact that the 
Dt 


free surface must follow the fluid. The vertical velocity w 
therefore is of order C/T where T is the period of the surge, 
and its dimensionless counterpart w' is of order C' /T'- No 
restrictions have been imposed on the horizontal directions, x' 
Brie save bothitaken to be offorder A‘, whilst z’ as of order 
unity. From the continuity equation considering orders of 
magnitude it follows that 

fe Oe) Ors vi =O te Oc (2.8) 


T! i 
and w' 


i 
© 


10 


Physically T is expected to have a value of several hours, so 


that, because of the smallness of & 


T'>>Q! (23-9) 
Using equations (277)%, (298)? (2.9) ~ thevorders” of magi eudesaor 
the terms appearing in the equations of motion can be assessed. 
Taking equation (2.3) and writing the order of magnitude of 


individual terms beside each term. 


Left hand side terms Order of magnitude Reduced order of 
Magnitude 
du Chi! [1] 
ot 5 
ms 
Bie 6 ie aisles Vi Ui 
TEE Oo SG 
OX 5 
it 
t 1 rer i] 
v'idu abt oex 
dy! eS 5 
eae 
w'du aes baz f4] 
az O Ge 
z 2 
ee 
20'sing.v' QhE LAS [Q'T'] 
(2.10) 
22'cosd.w' Pt a ad hed 
fe) a 
Tu 
Right hand side terms 
apt ? cui 
ox! Ae 112 
So 
ed ES [T Zn "] 
x xX Lea 
[] 1 
CoA 


dp' is assumed OG 
ox! 
In any case dp" is likely to be small and 4%>21]3) tmhe 
oe 
quantities in brackets denoting the orders of magnitude of the 


terms when referred to the first term as unity. It'can besceen 


Ja 


from equation (2.10) that the non-linear terms can be neglected 
as being small and also the rotational term 22'cosod.w' for the 
Same reason. The remaining rotational term 22'singo.v' is 
fotainea pince theivalue of f(VhAT) |] may approach unity. If it 
is further assumed that the forcing terms on the right hand 
Side of the equation are of the same order as the acceleration 


term then this gives: 


De = Cert one F' = Occta') (2° et) 


pie pie 


A similar analysis of equation (2.4) leads to the 
omission of the non-linear terms from that equation 
Hor the yertical equation (2.5), .the orders of 


magnitude are as follows: 


Left hand side terms Order of Magnitude Reduced order of 
Magnitude 
dw! ee [1] 
Jt oO 
i 
' 12 
eee oS [o3] 
ox? ao 
Gp 
' ' 1 i] 
if sor o6 kau 
pie 
20 COSo. Uy Q'S Or! Iba Ee te 
rt 
we 
w'odw' So Bsa) 
az: pee 


continued 
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Right hand side terms 


2 
dp! ge id ae 
oz! 2g 
We 
rid OH [A'] 
pie (2.12) 
i a Be ee 
oe 


eguation (2.11) being used for the orders of,magnitude or the 
pressure and friction terms. From equation (2.12) it can be 
seen that the lst. and 3rd. terms on the right hand side of 
the equation are an order of magnitude higher than any of the 
remaining terms, and therefore are the only terms retained. 


With the above omissions, and replacing the frictional 


forces F., F.. with 1 3'x and 1 oly respectively, |/7 ena = 
eee Op oz 0 oz . 


being the two horizontal components of the frictional stress, 


the equations of motaon- simplify. eo 


Bi Soy a Dee he 

dt 0 ox O07 

ov + yu = - 1 dp + 1 3ty 

Jt b By 8 oo 8e erat 
OS OE ge 
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yY is used in the above equations as an abbreviation for 22sing 
and the quantities are again dimensional. The equation of con- 


tinuity is unaltered being 


ou + dv + Jw = ( 


Oeowaoy i ano z. 
The vertical equation has reduced to the hydrostatic 


equation and can be integrated to give 
Pease ereez) C2 as) 


using the condition that the pressure is atmospheric p = Pa at 
the free surface where z = f. 

In the preceeding analysis no restrictions were 
taken in the horizontal scales, which were assumed to be the 
Bete. 1) bowever the vy direction is restricted so that 0<y<y, 
Sao ewolche could apply to a -channel of width yo, then y! is 
Ory’) and from the continuity equation v' is Oar. Using 

es 
Pinte Order of Megnrtude vor Vv" 1n equation (2.3) “the “order “of 
magnitude of the previously retained rotational term 2Q'sing.v' 
1s O(a'r'ys) when referred to the first term of the equation 
\! 
es Unity. eaHencesforiyo<<\ the rotational terms disappear from 
the equation ,-butt..for'-such channels-to is not necessarily small 
compared to the depth so the non-linear terms remain. Examina- 


tion of equation (2.4) in the y direction shows that for such 


conditions dp = Constant. To sum up it appears tha vin ene 
dy 
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open sea the non-linear terms appearing in the equations may be 
neglected and the rotational terms retained, but in an estuary 
where the width y, may be small compared to the wavelength A of 
the surge, and the amplitude ft need not be small compared to 
the depth h, the opposite may apply. 

2.2 The averaged equations. 

The motion of the surge is non-laminar and therefore 
the frictional forces taken in a general form in the previous 
section arise mainly from turbulence. In general therefore, 
additional equations expressing the turbulent motion of the 
sea are needed to relate the stresses given in equation (2.13) 
to the velocity field. Unfortunately very little is known 
about the relation of the stresses to the velocities in 
oceanic conditions, which mean further approximations have 
to be made. By analogy with laminar flow a virtual eddy- 
coefficient of viscosity can be introduced, for example as 


defined by gs K du but this relation means little unless 
OZ 


can be related to the mean flow. Apparently this can be done 
in .certain..cases,. iG, tes OCOLAChting Cha. O11 955) a Kuscag 
also be taken as constant so as to linearise the terms. 
However in general the best method of procedure, which at 
least partly avoids the difficulty, would seem to be the 
integration of the equations of motion throughout the depth 


of ‘Eluid. “The stress, “en “integrating ee with respect to z 
OZ 


throughout the depth h, enters the equations in the form 


Ott. a2 = To “surtace) — 4... (bctLom 2s boy 
x x x 
fr, 92 
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where tx (surface) is the stress due to the drag of the wind 
on the surface of the sea, assumed to be a given force, and 

Tx (bottom) is the frictional stress on the bottom of the fluid, 
to be related in some manner to the mean flow. The usual and 
most simple assumption is that the bottom stress is directly 
proportional to the mean velocity, but as the action of the 
bottom stress may vary with the type of surge under consider- 
SctOn pre. wrelanden (L9G R)thistassumption cannot be ‘accepted 
unreservedly. The depth-mean velocities are defined as 

Tee u.dz ; pe v.dz (2 Ie) 
a hY-h 

From the hydrostatic equation (2.14) the pressure 


gradient dp is given by dp = pga + 9Pa So that on integrating 


Ox Ox OX OX 

with respect to z from z = -h to z=2 
dies dp.dz = pghds + hoPa (aa 

-h ox OX OX 


Consistent with previous assumptions ~t has been neglected 
against h in the above equation. The corresponding result for 
eP/ ay is found in a similar manner. The horizontal equations 


from (2.13) can now be integrated to 


OOF Vere gice— 1 oWPai + 1 Tt mone 
os Poe eoiieax. oh \. xb 
(2.18) 
WeriyUe=r-tgoc) slp oPa +l) ft - T 
at Beery” ph Vt’ oe 


a (surface) has been abbreviated to Tene ie (bottom) to 


= etc. 
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The equation of continuity integrates to 


9U + OV S- 1 9G (2519) 
Ox oy nr ob 

as Do = coe et oc Voc = 1S = ow. dz = Dot 
De ete ot oy at. 4. 82 D 


In the averaged equations the theory requires only 
the boundary condition that the normal component of velocity 
(U,V) vanishes at the boundaries: of the sea.= For the 
equations to be solvable simplified boundaries are usually 
accepted that approximate to the physical coastlines. 
Corrections are then applied to the solutions to allow for 
the local inshore effects. 

The averaged equations are the most widely used in 
the theoretical treatment of storm surges, providing a basis 
for both mathematical treatment and numerical prediction 
methods. Proudman (1954) attempted to find the degree of 
approximation involved in using the averaged equations and 


a discussion of his paper is given in the following section. 


2.3 The adequacy of the averaged equations 

A paper by Proudman (1954) sets out primarily 
to show that approximate formulae for the time sequences in 
the response of the sea surface to atmospheric generating 
forces may be obtained without consideriny the vertical 
distribution of the current. These formulae, which are 
obtained from the averaged equations, are much simpler than 
those involving the variation of current with depth. einai 


paper Proudman obtains solutions from the averaged equations 


Ly 


and compares them directly with corresponding solutions from 
the non-averagedmequatwone p® Themlatter soltitions are quoted 
from a previous paper Proudman and Doodson(1924). Both 
sets of equations are solved under the same boundary conditions. 
In these papers the wave motion is assumed to take 
Place in*a won-rotating rectangular basin bounded by the 
planes x = 0, x = &, z = -h. The motion is assumed to lie 
entirely in the x,z plane. The mean free surface is taken as 
z= 0. The current, assumed sensibly parallel to the x axis, 
is denoted by u(x,z,t).-K is the coefficient of eddy viscosity 
presumed constant, (c.f section 2.2 above), and the remaining 
terms are consistent in their notation with the previous 


section. The non-averaged equation of motion is:- 


JW yopaat peel odPaaty 3 | 
ot Semiowox — Oz Oz * 
(2220) 
and the continuity equation 3 af u.dz + 05 = 0 
ox/-h ot 


From these equations a single equation for the 
elevation t can be obtained in a manner described later in 


section 3.2. This equation is 


eet ee ee 1 et | 33 a fe 
Pel b ma ae 5 h | oz h 3 
a 22 so p ae Na ck: Zine i 4\z = -h 


and is essentially a non-averaged equation as the function 
u = u(x,z,t) must be prescribed from the boundary conditions 
and equation (2.20). The boundary conditions are as follows 


i= 0efor x = 0, x = 2 and 2 = —h (2.22) 
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together with a prescription-ofr therstressnabt’ thegsurfiace, 


a 


femés section 22). that ails cin equation bey 24) a | 
OZ 
Z c 


is given. 
Proudman uses a one dimensional form of the averaged 
equations given by equation (2.18) and obtains an equation for 


C which can be written 


' lene’ | saab daeP al Ayal be 
So) eee oy ee 
OX gh sot 0 OX oh eae 
— x 
ss z = -h (i, 23) 
From the boundary condition above ae is equal 
h}| dz 
Z C 
to l "el , so that equations (2.21) and (2.23) differ 
phe “~lz = 
only by their bottom stress terms. Thus as far as the 


elevation is concerned the adequacy of taking the averaged 
form of the equations of motion depends entirely on what 


assumptions are made about the bottom stress law. In the 


non-averaged equations the term K/ du is evaluated by 
hi oZ 
Zz = 
finding a solution forthe velocity u'= ulx)z)t) frome the 
basic equations (2.18) and the boundary conditions? /In the 


averaged equations some law has to be assumed relating the 
bottom stress to the mean flow. This statement comparing 
the two equations is quite general and applies equally well 


if K is not. assumed constant inééquation) (2. 20)4andethe 


¥9 


motion takes place under different boundary conditions. 
Returning to the particular case, Proudman assumes 
a linear relationship between the bottom stress and the mean 


velocity U(x,t) given by 


ES = 2k,.U (2024) 


op z= -h 
where Ko vse constant. 


The generating functions are supposed created at t = 0 and 


ehereatter Maintarned constant, with'initial conditions ¢ = 0, 
Ue =Oje tort) t = 0. The functions chosen by Proudman and 
Doodson were 1 = gnit.sin(kx) 
OZ 
Zz, 
C225) 
and Pa = Constant. + P gp.cos (kx) 
k 


where W and P are constants. The subsequent elevation from 


the non-averaged equation is given by 


ee ee re fC) exply_Keyh- 3} (2226) 
are ax 5 cus Ss 
1 1 5 
where x, is a root of the equation tangy = 28+ 7 Oy 2 
with a = K* 
gh?k? 
4 2 
and shlites 2P.a + eRe eles!) 7X - (red) 


= eee 
tanxé Beas 
Xs 


Certain examples of this solution are evaluated in which 
@= 0.0615 and in this case it is found that when the 


disturbance is produced by atmospheric pressure only 
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> 2° Heos (Kx) {1 =°1. 062° exp (=1.272Kt/h-) cos (3. 435Kt/h- 
- 19.2°) + 0.003 exp(-22Kt/h*) } (2.28) 


where” H = = P/-, We=) 0 
and that when the disturbance is produced by wind stress only 
r = Hoos (ke) f1e--1, 075 exo l=1,272Rt/y cos (see 


~ 22.8°) - 0.009 exp (-22Kt/h*) } (2.29) 


On writing HS =" oW/ky © =a0 
y 


In both equations, (2.28) and (2.29) ;  @enopesua Conscaar 
height and as t + », t > Hcos(kx) in both cases, However 
though the elevation is the same in each of these two steady 
states the velocity distribution is totally different. For 
the case of no wind there are no currents, but for the case 
of wind stress and constant pressure there are currents 
flowing with the wind near the surface and opposing the wind 
direction near the bottom. The depth mean velocities for the 
currents in both cases being zero. The numerical values 
contained in (2.228) and (2.29) (ane souvcloseslogetherea- ako 
suggest (c.f. Proudman) "that as’ an approseiotioi, (2.24) 
be used instead of (2.29) for the case when the disturbance 
is produced by the wind. And then this indicates that the 
formulae may still give a valid approximation when the currents 
do not folow the artificial laws assumed, but may have non- 


zero values at the bottom and a non-uniform coefficient of 


21 


eddy viscosity". However the forcing functions describing the 
pressure and the wind effects are so nearly the same when 
substituted into the equations as to suggest that this case 
may be a special one. 

The averaged equation (2.23) when the bottom stress 
law given by (2.24) is used with the generating forces (2.25), 
yields a numerical solution that can be adjusted to the same 


Porm ae the solutions (2.28) and (2.29), and this is given by 


a Heos( ie) j2 — 1.058exp (-1. 326Kt/h* cos(3. 809K¢ /h? 


- 19.22) (2 ei0h 
where -kg Hsin(kx) ee, = eel yeld. DB acts, | (5 } 
= a a Ke Zee fe 
Paz ~~ Op 
ies. CM subDStIcULIng from equation: “(2.25) 
erty G22 tls so ee, = g(P + W)sin(kx) 


Oa uox a a sae 


sonthatwinothejsteady «state.fortitaryo,, C°24—-(Py t+ W) 


cos (kx) whereas previously (c.,f£.-equation (2.26) 


Clr + 3 Wicosikx). Proudman (1953) indicates the 
2.14 gOnTaAY . 


true value lies between these two. 
Equation (2.30) approximates very nearly to that obtained by 
the non-averaged equations and Proudman concludes that the 


averaged solution (2.30) may be used as an approximation for 


the generation of a steady state in which ¢ = Hcos (kx) 


whether this is caused by wind, pressure or both. 
The numerical comparisons that have been made above 


apply only to the special case under consideration. ‘pos 
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felt apart from the general statement made earlier in this 
section the adequacy of averaging the equations cannot be 
dealt with in general. Proudman's paper justifies the use 

of a certain bottom stress law in the averaged equations for 

a particular problem as an approximate method of solution. 
This linear law connecting the bottom stress and the mean 
velocity is widely used (c.f. Welander (1961), however 
Charnock and Crease (1957) refer to a series of papers by 
Nomitsu (1933, 1934, 1935) in which the author draws attention 
to the fact that the time response of the elevation to the 
generating forces will depend strongly on the type of bottom 
boundary condition assumed. Nevertheless the averaged 
equations offer many advantages and are adopted in complicated 
problems in order to obtain a solution. The solutions 
obtained using the averaged equations must approximate to the 
exact solutions but the degree of approximation will depend 


on the bottom boundary conditions assumed. 


EQUATIONS FOR THE ELEVATION ¢ 


AND ITS FREE OSCILLATIONS 


3.1 The free oscillations on a rotating system. 

A reasonable picture of the laws of propagation of 
storm surges in a rotating system can be obtained by the 
consideration of the laws governing their motion when forcing 
and frictional forces have been neglected. In particular such 


free motions would approximate well to cases where the 
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atmospheric conditions that excited the surge have disappeared, 
or alternatively where the surge created by external forces 
propagates into a region in which the conditions are uniform. 
The equations of motion without forcing and 
frictional terms are relatively simple, and can be solved in 
particular cases. For a non-rotating system the surges would 
follow the laws of the classical long wave theory, that is 
all wavelengths travelling with the same velocity and without 
Change of shape, assuming of course that first order theory 
is applied and y J ope omowever it will be shown in a following 
section that for a rotating system only special types of waves 
travel in this manner, and that in general the surges are 
dispersive. 
Taylor (1920) used free oscillations to 
investigate the propagation of long waves in a uniform 
rectangular gulf. He discovered that when the dimensions of 
the gulf were chosen to approximate the shape to that of the 
North Sea, the mathematical model predicted a motion that 
agreed very well with observations taken from the prototype. 
Lamb (1932) gives the free oscillations for a rotating 
caren Vers basan),) and) at: wise bershown, that. sucha basi neof 
roughly the same size as the North Sea gives the right, order 
of magnitude for the periodic oscillations in the North Sea. 
In the following sections the equations of motion 
Gor stheselevation t “aresderived-in both, cartesian -and 
cylindrical co-ordinates, and the free oscillations are 


discussed. Two cases are considered, the first an unlimited 
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rotating sea, and the second a circular rotating, sea: «The 
discussionvofsthe: freesoscillations: prepares/thepwaysto 
tackle the more difficult problems involving the generation 
and decay of the storm surge. The modification to the 
solutions for free oscillations, needed when frictional 


effects are not entirely neglected, is briefly discussed. 


3.2 The general two-dimensional equations. 

Because of the advantages mentioned previously the 
averaged form of the equations of motion is the most widely 
used in the theory of storm surges. From these equations a 
general two-dimensional equation for the elevation ¢ can be 


derived. The pressure given by the hydrostatic equation is:- 
vt Reger ates Senn iohS) UU Jems ey (Sits) 


and on averaging this equation throughout the depth h then 


t c 
= ap .dz = 1 (°3 Shee apa ) dz 


oh ox oh OX OX 
=—h h 
C 
or cel. pape 2 sag foc. ae lyeea (Shey) 
oh OX OX Go Ox 
-h 


where consistent with previous assumptions ¢t has been neglected 
compared toh. 


The equations of motion now take the form 


CUES ey nar Oe Oe otk 
ot OX 
(a0 


OMI dhe CY Up =) =a to cay 
dt oy 
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(5 * “a 
ve - ')] 


The equation of continuity remains 


where = - 


@ 
* 
Sie 


and vj 


II 
I 
Tui 
QQ 
<j 0 
ie) 
ete 
3 
li 


eee ON i 9¢ (3.4) 
ho 
By differentiating equations (3.3) with respect to 


time and then eliminating V from the first equation and U from 


the second by substitution, 


3°u - r\-3 Oy Ae Noa se r-0| = -g hae be cess 
542 oy dxdt ot 
oi) 
2 2 
and Cw pPwsyyagloc mekubewas=tag 046 |. tod) 
x42 aX dyot ot 


Now equations (3.5) can be differentiated with respect to x 
and y respectively and the velocities eliminated by using the 


continuity equation (3.4) giving 


ac} - yfay - ax] + y°|-2 ae 
dt OX y IY 


-g] 2° + 3° | ac + 8 fax + ay 
2 Tere Se ou 


OX dy 


@ fa 
c+ Nh 
NO 

! 
ey 


On collecting terms end dividing by g, thas reduces to:= 


E es i Bagel y/o meet aoe Ramin |io West to xn + 
eee ee ee oo a 
9x2 ay gh yt2 at g] ox y 


Qir 
oh 

“oa! 
whe 

a 

od) Kod} 

elk 

———d 
w 

= 


26 


The full.eduation, fore ceicmtoma Dy substituting back for X 


andsY dntthe,righk) hand side volt is. 7). 


9? @ ae ee af 7 e i OGe = on Ts = ‘yb 
2 2 gh 2 dt ogh x 


OX oy ot 
- 9 ( ws x) + 3{ (= i Pa + 
Jy Og ct 5x2 aye 
Se 5 ("xs o * xb) 3H = sy ("ys i ‘ye) | a 


If viscosity is neglected, so that the generating 
force consists of a pressure gradient only, the equation 
(3.8) can be integrated immediately and simplified to the 
following equation. 


[= ode ea at (= + ry ote 3 (x ae Pa 
% du, ct etn | 1a Pe Wee a0 


ox dy JY 
(3.9) 


The integration constant being zero if at some time ft and 


are zero and the pressure Pa is uniform. 


3.3 Free oscillations on an unlimited rotating sea. 

To study the natural propagation of surges, 
frictional effects are neglected and generating forces are 
taken to be zero giving uniform atmospheric conditions above 
the sea surface. The motion is supposed to take place on an 
unlimited sea so that complicated boundary conditions are 
avoided. The solutions will be approximately true for 


regions of finite seas that are far removed from any 
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boundaries. With these assumptions the simplified equations 


becomesert rom? (2.18) -and: 42.49) 


~Um-AYV =) -Gqeae 
ot Ox 
bon 0) 
oV + yU = -g 92 
ot oy 


The continuity equation 


From these equations, or directly from equation (3.9) ‘the 
two dimensional equation for t is found to be 


Abt. brde a(S rv\ere (2<1)) 
oe owen 2 


This equation reduces to the well known wave 
equation when y = 0. The wave equation describes the 
propagation of waves of different wavelengths all travelling 
with a velocity of Jgh. However in the above equation (3.11) 
FOrey <e0sthis statement is in fact -onlyotrue for special 
cases. In general the most that can be said is that the 
product of.the group and phase, velocities is gh, as.is also 
for the non-rotational case y = 0. To demonstrate this a 
one-dimensional motion is assumed so that ¢ = ¢(x,t) anda 
wave of frequency o is considered, where o is defined as 


oh 


27 x (Period) >. Taking a time factor of ee ino, Such nat 


Ee= eC wee (x) and=substituting this*value for @ in equation 
(Seid), tnen £{x) is given by 


ey = lsh hes ss 


OX cee 
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From this equation it follows that the wave number k, defined 


as 27 x (Wavelength) ty, LS 'gi ven “by: 


Re a (deer (3.13) 
gh 


from which it can be seen that the phase velocity c is given 
by 
ene oem me oe (3a14) 


C= "do ec a Kuder= ghk (ab) 
dk dk (yrann")? 

Equations (3.14) and (3.15) prove the statement that the 
product Co = gh. "For positive valueo oc ke the minimum 
possible wave velocity is /aty and therefore the maximum 
possible group velocity must /gh. ai yoo" then ke is negative 
and the waves have no real wavelength and do not exist under 
the assumptions made. 

A wave for which k = 0 has both an infinite velocity 
and an infinite wavelength, so that the elevation can be taken 
as uniform over the whole sea at any given time. Hence 3 is a 
function of time only and: the equations” (3.10) ocive, the 


velocities ac 


2 ee cums ne era (a§i6) 


_ a 


2y V 
gt? ae 


Q 


Taking U = C,-cosyt V= Cosinyt, these two 


velocities represent a current of constant speed Co whose 
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direction rotates in.a direction opposing the rotation of the 


Sea eece Section 241, Wathea constant angular velocity vy, i.e. 


tans On=oVe=stan (=yt) 
U 
QO =- vt 
Bite rat 6h igus 


This type of current is called an inertia current 
ena the peritod' or rotation 27/y is called the inertia period, 
being half that of theyperiod of rotation of the sea. 

Apart from this instance it is evident that one- 
dimensional waves, that is waves with parallel horizontal 
crests, cannot propagate without change of shape in a rotating 
system. It can be shown however that the rotational forces 
can be balanced by allowing a slope of the wave crests in 
the transverse direction. The pressure gradient along the 
wave crests produced by such a slope can in certain cases 
balance the rotational forces. From a direct consideration 
of equation (3.11) it is seen that the rotational term can 


be balanced out if Z is taken to be of the form 


Man Via, (ity ) A being a constant. 
/gn (3.18) 


The sign of the exponential index depending on the direction 


ct = A exp + 


of motion of the wave. This wave has a complete solution 


ot. thes form 


C 


I 
D 
Xx 

xe) 
“a 


(Suse) 


Cc 
II 
| 
KQ 
1) 
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|+ 
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Such a wave is non-dispersive, all wavelengths propagating 
with a group and phase velocity of /gh. The transverse 
velocity is zero, and in this’ form aswaveycan travel along 
a coastline that is parallel to the direction of motion. 
However the exponential factor restricts the region over 
which the solution can be applied. This special wave is 
named a 'Kelvin Wave' after Lord Kelvin, who introduced 
geostrophic effects into the tidal dynamics of small seas, 
Thompson (1879). 

Another form of wave that is non-dispersive when 
propagated on a rotating sea was noted by Poincaré (1910) 
and is called a 'Poincaré wave'. This wave is not subject 
to the restrictions imposed by the exponential term on 
the Kelvin wave since the variation of the elevation along 
the wave crests is assumed of the form 

cr =e t79Y_ £(x,t) 

It can be verified that this form of © satisfies “eqtatron 


(3.10) TE eee ye Ret (kx + ot) 


, or taking the real part of 
f£ (x,t) then 
CG =A “cos dy scos t(hxst 0) 


and the corresponding velocities 


‘i. aa : [ya-sin(qy) + ko.cos(qy).]cos (kx + o£) 
es (3536) 
SPS ee [Yk .cos (qy) + oq.Sin (qy) ] sin ex Sie) 


pay 
ref 
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Furthermore “the iquantities 'q) k/)“o andy are related by the 


equation 


Oo —-yY = gh (2659.19) 


k-4+q° 


From the equations (3.20) it can be seen that the velocity 
transverse to the motion;in this case in the y direction, is 


zero along lines given by 


tan (qy)= Pyke (3522) 
og 


Such waves may therefore propagate along coastlines 
coinciding with these directions. 
3.4 A modification to allow for bottom stress. 

If the equations of motions are modified to include 
the simple form of bottom stress mentioned in section 2.2, 
eguation (2.24), then solutions can be obtained that 
represent "damped" Kelvin and Poincaré waves. This was done 
in 1954 by Proudman, and the equations, again assuming 


uniform and constant atmospheric conditions, are from equation 


(2240) 
CLUE 2k U nl Se epg 
ot OX 
(3523) 
ON Taek vateyUe=e-| got 
t dy 
and the continuity equation is unaltered being 
OU ee fav aon Lok (3.24) 
Ox oy hid 


Ko is a coefficient of friction presumed constant. 
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Proudman quotes a general solution satisfying these equations 


of the form 


tC = H.exp 1 + my gah as 2) 


U = = . H. (my) = Plea sa en de es af 2k.) 
ny aa 6 


where H,l 


2 
a 


On taking 


V = 0 


where 5° = 
represents 
damped by 


solution c 


iL 


zt 
g 


a pene OVYy a Hat 
Oo 


g : jeu a 11) exp} aa = MN = (") ae 2) tf 
y 


ih (34.25)) 


m,,n, are constants such that 


2 


n gh 


2 
a siaee m,° ee + =!) Oy ay (3.26) 


1 


1, = il, iin a ¥.uciv.he finds the solutions 
n 


a 


H.exp 


+ oyvy - kot -| eos ee oa ct) 
k 7407 ree tke 
O O 


+ sosin( ox ol Len ot) | 


O 
. cos (x + Kol ey = ct) 
Celie 


2 Kk +O 


k Bie 
fe) 


b7gh - Ret and states that equation (3.27) 


two Kelvin waves, travelling in opposite directions, 
friction. Perhaps a clearer way of expressing this 


an be deduced from extending the results from the 


frictionless case. In fact we might expect a solution of 
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the form 
Ce Prete tous exe crix + GE) Dixy, ) (3 928) 
gh 
Erom.equation «(3.«19):.< Avis .a-constant,,..and .D(x,y,t)..an extra 


exponential term arising from the bottom stress assumption. 


On taking 1, Syl) Mazon. Pathescondition,, equation, - (3.26) 
n 
iL 


reduces to 


2 2 a 
ny + 2k ony + wgh = 0 
OG neByic= of ko + ic (33 2,9) 
2 
where a = gh - KG 
2 


This gives the elevation from equation (3.25) written in the 
form or (3-26) tas 
S = Atexp(t yevy) exp GUi(x + ct)) {exp (-k.t) exp (iykg.y) } 
gh bgh 


(3:.22:0) 


The elevation (3.30) represents a Kelvin wave 
travelling with velocity c decaying under the effect of the 
bottom stress at a rate given by exp(- kot), and also having 
an additional periodic variation in the transverse direction 


given by exp ee he The real part of (3.30) gives the 
bgh 
SQrution included in (3.27) where 


yo = oO and Bind p(y ty iKo)y 
2 O 
Taking the assumption m) = + iNt, where N takes integral 


ar 
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values, in equation (3.25) and following a similar but slightly 
more complicated analysis, values for 1, and n, can be found 
that provide "damped" Poincaré waves. Proudman found that 


these waves had the special property that the transverse 
Yi 
x 
infinite series of these "damped" Poincaré waves can be added 


velocity was zero along the lines y = + . He deduced that 
to the two "damped" Kelvin waves so as to satisfy the condition 
U=0 at x =0. The resulting solution will give the 
propagation of surges in a gulf of uniform width and depth, 
having boundaries at-y = + Yy and x = 0, in the absence of 
atmospheric generating lege: 
3.5 The general equation for ¢f in cylindrical co-ordinates 

The general eguation for the elevation given in. 
cartesian co-ordinates by equation (3.8) can readily be 
transformed into cylindrical polars by the transformation 


x = yucos8, y = r.siné, 4 =2Z, The left hand side of Chie 


equation transforms straightforwardly into 


[ee (Vern te cena eee, (= + by a c(r,6,t) (3.31) 
a3 Bh SPORE Gh Cee at 


The general transformation for the stress on the 
right hand side of the equation does not appear in any of 
the papers referred=sto, and’ since it is intended to use cass 
transformation in a later section it is derived here. For 
convenience take stresses in the radial and cross-radial 
directions, and denote these in a similar notation to that 


used in referring to the cartesian stresses. ie letwae 
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radial stress in the surface, etc... 


Therefore ney tear cosé - Tg sind; ty = T. sind + 


Ba 16, 


Ts cos0. Using this notation and also substituting for x and 


y in terms of r and 6, the right hand side of equation becomes 


Y lle bei - T + uny t - T Le. (ee - T + 
mal a ( Os eb) es ( os ob) = ( rs r)| 


2 ("rs ~ ‘zp ) iad, Ob) ("es ~ ‘op (3 232) 
ar Kean 


Thesgeneratsequarion for the elevation given ‘by 
(3.31) and (3.32) simplifies very much if axial symmetry is 


assumed, reducing to the equation. 


peaet wig 22 wet Bem eypar = oy a0) + 1\frg09-"t 4) 
Z LIN he gh 542 ot ogh\or 1 


Z 
+ 1 ) -/9d + ]1 9 Pa + ifo ae Le - T 
= =| ee = iz) ye a rs =») 
Caras) 


It can be seen that under certain conditions for the forcing 
functions, such as am vay 7 0, the equation can be 
simplified still further, and these simplifications will be 
dealt with in a later section. 
So) Pree coscil lations ‘on a circular rotating :seéa 

For the tree -oscililations on a circular rotating 
sea of uniform depth the equations of motion become, on 


neglecting the generating and frictional forces 
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OV jie. g at = 0 
Jt iE 
(3.34) 
Oe. 4 | a gel anG ame 
ot Zod 
Ver Vo being the radial and cross-radial components of the 


velocity respectively. The equation of continuity is 


IV 5 5 


Jie (ee + 1 Los = 0 (3.35) 
1A r h 


G 
or 8 £ 


Q 


and the corresponding equation for the elevation ¢ is, from 


ier) 
g Sain es i lal ee gr Um} (x + a = 0 (3536) 
apes Oe Gee ee ae ) 


Following Lamb (1932), ¢-is assumed to be of the form 
C= Pir) ecosimut. ou 


and then f(r) is given by the Bessel equation 


a?e + 1 af + (x? - m@\f = 0 (3.29) 
2 ror 2 
or a 
where Re = (a? - y*) /gh 


Taking the simple case of an open circular sea with 
vertical coasts and radius aa solution is required for 
f(r) that is’ finite at x= 0.) The general solution forsee, 


with ma real integer 


te A.J, (Kr) 4 B.Y,, (Kr) 


where A and B are constants and J, (Kr), ¥ (KE) + are Bessel 
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functions of the first and second kind respectively. 
Retaining only the part of the solution remaining finite 
at r = 0 gives 


Be= vd 2 tKr) 
m 


Yi, (KY) becomes infinite at the origin so that B is 
taken to be zero. The reguired solution of (3.36) for z is 


therefore 
C= A.J, (Kr) .cos (me 0) (3.38) 


In the general case the velocities are given by 


= ! : . = ' 
eee V.- Sin (me + ot); Vo V,cos (mé + ot) 
where Vi= -g |° df + ym.f (3.39) 
oe ay? or Ee 
and Va o -g Veot eg (OUy c 
graye or i 


Poeistvandeccuat tones 4 5454).and, (3.35) ,.and, the. solution 


(3.38) remaining finite over the region. The required 


boundary condition of Vena 0 for ty aa i.e no radial 
velocity at r = Les gives, 
: 3.40 
ym.J,, (Kr) + oKro Sg RG ( ) 


The values of the frequency o of these oscillations may be 


obtained from a graphical construction in the following way. 


Again from Lamb write aaa = x, then from equation (3.37) 
o* = gh K* +1 
> 2 
He y: 
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L 3.41 
or Ca’s dint ( ) 
y Bo 
Pees 
ae ite (3.41) 
gh 
take (x) = m.Jy (yx) where J, denotes 3 (Jp) 
VX. Th (VX) ox 


and then equation (3.40) can be re-written as 


L 
G(x) hee xe = (342) 
Bo 
The intersections of the curve - 9¢${x) with the 
parabole y- a A ay will give by their ordinates the 


values-of outhat-are admissable for the solution (3.38). 
This Falun represents a wave rotating relatively to, the 
water with an angular velocity o , the rotation of the wave 
being in the same or opposite ee as that of the water 
according as o is negative or positive. Obviously circular 
seas of iba. ae depth are exceptional if they exist at all, 
but the above solutions may be used as first approximations 
to certain cases of non-circular seas. For example the North 
Sea can be approximated to a circular basin of radius 200 
kilometres and depth 50 metres. The period of rotation at 
latitude ¢@ is (sind, giving “for the North Sea 20sing = wee 
iWon and 8, = 4/5. The solutions of (3.42) for this 
particular case are shown in figure 2, for m= 1 which seems 


the most realistic’ value’ for the .case of the North Seas Tre 


solutions of interest, from figure 2, give for the frequency o 
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Figure 2 
Solutions of the equation (3.42) giving the admissable 
parameters for the period of free oscillations of a 


Paectcuear toracing Circular sea of ‘Constant depth. 
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Ca gee cOOy mee en = ally (3.43) 


and the corresponding periods are as T 20/70 


Ty Sy) Nebachs T. 2 es. NS. an T. = (2% Ars, (3.44) 


It is interesting to note that, for any integral value, of: m, 


Lt tb Go ee ee 
xX7>O xXx*O feo! (J) 


so that y = 1 is always a solution of (3.42). Therefore yer 
any circular sea there is a natural oscillation rotating in 
the same direction as the water having a period 217/y which 
is halfe-that of the rotation of the water. 

Of the solutions above the periods T. and T, refer 


3 


to oscillations rotating with the water, and the period Ty 
refers to an oscillation rotating opposing the rotation of 

the water. In the North Sea the observed surge takes about 

24 hours to travel around the North Sea (c.f. Charnock and 
Crease 1957 , Figure 2 ) and always travels with the rotation 
of the sea, that is in an anti-clockwise direction, travelling 
from the north of Scotland down the east coast of England and 
then up the west coast of the continent. Theoretical yeu 
appears to be possible for a surge to propagate in the 
opposite direction but such a surge has not been observed in 
the North Sea., The fact thatsthe Nortny Sea tena some and 


has not a continual boundary may be a possible explanation, 


however no papers referring to oscillations in enclosed seas 
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have been found to confirm such an opposite rotation. Taking 
into account the approximations made, the periods T, and T4 
would appear to be of the right .order of magnitude. 


THE GENERATION AND PROPAGATION OF SURGES ON AN INFINITE 


ROTATING SEA 


4.1 The problem. 

In a preceeding section the equations of motion 
were solved for surges propagated on an unlimited sea with 
generating and ee tee nail forces neglected. The solutions 
obtained were reasonably simple, but with the introduction 
of even a simple generating functionthe solutions become 
much more difficult to obtain. 

Crease (1955) discusses the problem of generating 
surges from rest on an infinite rotating sea. Friction is 
still neglected in the equations of motion except in so far 
as offering a method of surge generation by the action of 
the wind on the surface. In the integrated equations this 
means that the bottom stress disappears. Conditions are 
taken constant in the direction transverse to the direction 
of propagation of the surge. The main purpose of his paper 
is to show that the rotational effects lead to a dispersion 
of the waves, and to study this effect on the wave elevation 
and velocity. A generating force is assumed to act over a 
semi-infinite plane and is shown to produce a steady elevation 


at large times on a rotating sea. A similar force taken on 
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a non-rotating sea would lead to an ever-increasing surface 


elevation. 


4.2 The general solution for ¢. 
Taking the integrated form of the equation of 
motion given by equation (2.18), and using the approximations 


given in section 4.1, the equations reduce to 


dU - yw =-g 05-1 ant 1 

ot Ox 0 Ox oh 
(4.1) 

oV + yU =0 

ot 


and the continuity equation from equation (2.19) is 


oU 1.90 (4,2) 
hot 


By eliminating the velocities from these equations, taking 


E(x t) =o) nae = xs) and proceeding as in section 3.2, 
og\ dx h 
then the equation for g is, 
a(S" ))#°° ae (4.3) 
507 gh yt2 ot oxot 


Equation (4.3) can be integrated immediately, with respect 


to “time, -oiving 
igure )ieene ee (4.4) 


The integration constant being zero if at some time Z, yr 
# 
ot 


and oE are all zero. 
ox 
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To solve this equation Crease uses a Green function, 
but because operational calculus is employed in later 
sections of this report, the solution which follows will be 
derived by that method in order to be consistent, 

The initial conditions are taken to be uniform, 


that is 


Cc = 096 = 0, E = constant for t<0 (4,5) 
dt 


Taking the Laplace transform of equation (4.4) with respect 


to time, and taking 


00 ae (4.6) 
6tx,s)<= fic e(x,EJexpitts) dt, E(x,s). = J ,E (x,t) exp (ts) dt 
then the equation for t is, using the conditions (4.5) 
pga eam ae Be) tote 
3x2 gh OX 
é 2 Z 2 
For convenience take yy = (s’ + y’')/gh and use the operator 
De tg, 
a2: 
ox 
Then jp? - ve = - 0E (4.7) 
x 
The particular integral becomes 
Bigxk ufpile vi_o\oik 
2v \D+v D-y/ 0x 
that is 
— x — 
Eo aly. (exp (-vx)f exp(x,) dE (x,,S) -dX, 
U) ao Ox 
x _— 
- exp (yx) exp (-px,) 9E (x 0,8) -dx J (4.8) 
b Xx 
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aor bo are constants to be evaluated in conjunction with the 


constants A and B given by the complementary function 
ZT = A exp(Wx) + B exp (-wx) (4.9) 
Hence the complete solution for tis 


x 
tT = A exp(yx) + B exp(-wx) + L_{exp (-vxf exp (X)) 
2wW ao 


g (4.10) 


E .dx_ - exp (x) J exp (-Wx_)3E .dx_} 
a O oO 
9X, bo IXo 


Q 


To ensure the convergence of the two integrals in (4.10) the 


constants can be chosen such that et in 8 Do =o are the 
integration limits. Also the boundary condition ¢ = O at 
t = 0 becomes £ = 0 FOr SB = @; doey 2 = 0. for | = =, “Henee 


as finite values of ~t are required for both negative and 
positive values for x when |x| becomes large, A = B = 0. 
From tables of Laplace transforms it is found that 


the inverse Laplace transforms of f(s), where 


£(s) = exp(-Q/s"+R* ) is J, (R/t*-0* .H(t-Q) = F(t) 
7 5° +R7 


where H(€=0) is a step functions, Phae is the form of tre 


inverse transform required with respect to s for expC (x-x,)) 
7/2. in equation (4.10), where We] cae Therefore using 
J gh 


the convolution rule on this equation 


x tC 
ae J AX. f Tolyt (e-t,) * -(x>x9) ] ].H[E(t-t.) - (X-Xo) ] oE 7ct. 


—0O 


gh = fe) 
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s : 2 2)4 
ss Bf ay f Jo[r} (ety) - (X9-X) | pai veta igor | 28 “dt. 


OX 
vgh . 
(4.11) 
where 9E denotes JE evaluated at (x, rty)- Finally the two 
ep oe ox 
fe) 


integrals can be combined by a simple adjustment to the limits 


of integration and the step functions giving the final 


equation 
is - JB. dt agit Eo 0 |(e-t )* = (X=X0) 7)], 
© 9x, " gh 
ultt-t,) - sti hs (A312) 
¥gh 


4.3 The general solution for the velocities. 
By eliminating V and ¢ from equations (4.1) and 
(4.2) the differential equation for U is found to be 


E re ee Po = 
ee Se hate 


ut (4.13) 
h 


From a comparison with equation (4.4) for t it is seen that 


the only difference is that the term 1.dE now appears on the 


h dt 


right hand side of the equation in place of - jE. The 
Ox 


solution for U can therefore be written down immediately from 


equation (4.12), giving 
£ a 2 2) 3 
a= Sales i JE .J 1] (etQ) = (X= x5) | | 
nyo -o© Ot gh 
O 
(4.14) 
Hi tese - 2x0 |ax, 
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Similarly the equation for the transverse velocity 
is found by eliminating the other two variables from the 
equations of motion, giving 


E : i (= + ie = - y.E (4,15) 
axe EN 9g? a 


and again by direct comparison with the solution for €Z, 


the solution for V can be written down immediately as 


V ae a Baal (t-t _ (x-x se % 
ee BS . Y = Py mals) . 
Py ely a: o| } . gh | | 


~H [ (et) - (sa lea (4.16) 
¥gh 


A PARTICULAR CASE 


5,84 The Solutions, 
To investigate these solutions Crease assumes a 


Simple generating function given by 
EAX;Uty) = = Actua C) (Sera 


which more clearly explained in terms of wind stress alone, 
represents a wind which starts to blow uniformly at time 

t = 0 over the semi-infinite range -~<x<o in the direction of 
x increasing. The derivatives of E needed for substitution, 


are given by:- 


oF = A.H(t) 26 (-x) 
OX 
(Seas 
and *di= -JA, (ose) respectively 
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Substituting from equation (5.2), for JE into the solution 
Ox 
for the elevation equation (4.12) and integrating with 


respect to x using the properties of the delta function 


t 
CiF A a | H(t) Igy (t-t,)° a x? % ° 
2 fo) gh 
H [(t-t,) = Palas (53) 
¥gh 


This equation can be expressed in a non-dimensional 


form by putting a = Tt, and then using the parameters 


fe ei eee a (5,4) 


The equation (5.3) for tf then becomes the non-dimensional 


equation 
S ee ee 
2y 3G =i ie [ce -a )*]as (555) 
AYgh la] 


This equation holds for all values of the parameter a, and 
shows that the distribution of tf is symmetrical about a =o. 
The step functions have been incorporated into the limits of 
integration. Another way of expressing the upper limit 
would be to replace b by max|a|, which is equivalent to the 
Maximum distance a disturbance: could travel in time t. The 
maximum group velocity is /gh (c.f. section 3.3). 

Using these parameters the corresponding solutions 
for the velocities U, V, from the equations (4.13) and (4.16) 


are found to be given by 
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24. =|) 3 | (2-07) *] 4 (b-|a|)da (5.6) 
al fe) 
Ag a 
» i Dee Os 
and 2y.V = =f as f 3, [(¢ 0 )*]H(8-|a]) do (Sad-) 
Ag fe) a 
respectively. 


The values of U and V depend to some extent on the parameter 


a. For example from equation (5.6) with a>o 
b 
L 
2y.U = HUb-a) f Jn [(p?=a) *|ao 
a 


the integral can be split into two separate integrals giving 


a 


b L 
2Y.U = # >-a)/ | _ [(b?=a7) *|ao ar T[te?-2) aa] 
Ag O fo) 


and hence 


e 2 2,3 
2y U = H(b-a) [sin b lf 3, (» -a 3} a0] (Be) 
Ag 


The full solutions for U and V in addition to equation (5.8), 


covering all the different cases for a are given below 


a b iin Baie 
For aco, 2y.4 = ae b - dof J [ce =O )* Jas] n(o-a) (oe) 
Ag fe) qa ° 


FOr a<0, 


‘i os 
i) b> lal, 2y.U. =. 2eingbes H(b- lal) 3, |e ~0 )* Jaa 
-b 


la] cb 
and Ce - | 1-cos b + da.f 3, | (87-07) *]ag 
fe) O 


ii) Vb< lal, 


2y.U = 2sin b 
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¢S 3daly) 
and 27  2()-Ccos b) 
Ag 


D2 si eerpretatrvon Of the results for the Particular Case. 

The interpretation of the results depends on the 
relative magnitudes of the dimensionless parameters a and b 
as defined by equation (5.4). It follows from this 
definition that the time taken for a surge to travel a 
distance x with the maximum group velocity, is given in 
terms of these parameters by b = a. This is the minimum 
time that the surge can take to travel a distance x, so 
that it is possible to divide the effects of the surge into 
the two groups given by b<a and b>a respectively. 

In this particular case at time t = 0, a force is 
suddenly applied over one half of an infinite sea ina 
uniform direction parallel to the x axis over the area 
-~<x<Q. The immediate response to this force is the creation 
of some motion in the same direction as the force, and at 
thiscinstant restricted to the region over which the forcetis 
applied. Simultaneously as a consequence to this motion a 
transverse velocity is set up balancing the resulting 
rotational forces. This can be seen by substituting for U 
and V from equation (5.11) into the equations of motion (4.1) 

The generating force has a discontinuity at x =0 
and as stated above the effect of this discontinuity cannot 
be propagated with a velocity greater than Ygh. Before 


such time has elapsed for this effect to reach a particular 
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point, that is for b<lal, there will belnoi moticnvae ciate 
point if it lies outside the generating area, a>0O, and 

inertia - type motion, i.e. currents but no elevation [c.f 
Section 3.3], if it lies within the generating area a<o. 

This is shown by the equations: (578)),(5.9) and? (5.11) and 
demonstrated by substituting these values for the velocities 
into the equations of motion (4.1), from which it is seen that 


the forces balancevand ¢¢ = 0. “Therefore there is 10) change 
OX 


in water level at a particular point until enough time has 
elapsed to enable the effect of the discontinuity, at x = 0, 
to reach that point. When this time is achieved b>|a|, and 
the water acquires a motion that by the continuity equation 
leads to an elevation of the surface, equations (5.8),(5.9) 
and (581@), 

The dispersive quality of surges propagating ina 
rotating system enable a steady state elevation to be reached 
as te», In a non-rotating system the application of a similar 
applied force would lead to an infinite surface elevation, 
all wavelengths travelling with velocity Ygh. In the 
rotating system however the pressure gradient resulting from 
this steady slope is balanced as t>~, by the transverse 
velocity which also balances the applied force within the 
generating area. 

The limiting values of ~,U,V when the time becomes 


very great are given by Crease to be:- 
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Rye exp (=a) 


Avgh 
eyes consan b C5 AZ ) 
Ag 
2y.V + cos b - exp(-|al|) for a>o 
Ag 
+ cos b + exp(-|a|) - 2. for ax<o 


Again by substituting these values into the equation 
of motion (4.1), it is seen that the applied forces are 
exactly balanced for a<o by the term -2 in the transverse 
velocity, and the pressure gradient arising from the steady 
slope is balanced by the term exp(-|a|).a/|a|. The sin b and 
cos b terms represent inertia type oscillations of the same 
Pert0d, 21, and form as those discussed earlier in Section 
ees 

For the general period of the oscillations, it 
follows from equation (5.5) that the maxima and minima of ¢ 


occur when 
on [ie*-a®y | 236 (5.13) 


Defining the local period of the surge at a point, 


given by the parameter a, as the time between two successive 


maxima n and n+l, T (a). it can be shown that T (a) is given 
by, 
2 
Tyh(a) = 1 - a is ales 
Ty 2J0,n*Jo,n+t1 


a2 


oe | ie (5.14) 
Ty (a) = JO nla Jo,m << Jom 
aT 2a 


a 
odd-order zero of Jo (x). Equation (5.14) shows that for 


where T. is the inertia period 217/y, and dp f, denotes the 
a 


points near to the generating area the local period is 
initially slightly less than the inertia period, but 
approaches it rapidly, whilst for large distances from the 
generating area the local period is much less than the 
inertia period and increases linearly for the first few 
oscillations. 

Crease (1955)mshas plotted the valuesion G,U,V 
as functions of the parameters and the graphs appear in 


fagures Ll, 3 and 4 ;ofe hice oeren, 


MODIFICATIONS ‘TO THE: APPLIED FORCE 


6.1 A gradually applied force, 

In the preceeding sections solutions have been 
found for the elevation and velocities resulting from the 
instantaneous application of a given force on an infinite 
rotating sea. In nature it would be expected that a 
generating force would build up from zero to its maximum 
value over a finite period of time. The effect of allowing 
for such finite growth period in the generating force can 
easily be found by taking the same system as in the previous 
section, and modifying the applied force given by equation 


(5.1) by the inclusion of a tanh(et) term, where € is an 


D3 


arbitrary constant. The results obtained can then be 
compared directly with those already obtained by Crease for 
an instantaneously applied force. The new generating 


function is given by 


Ej = A.H(-x).H(t).tanh(et) (65) 


Proceeding in the same way as in section 5.1 the solution for 


the elevation using the new generating function is found to be 


B 
2c =f panier oo Biles Tod [upitats)% z= zt: 


H[(t-t,) ~ baidat, (6.2) 


vgh 
putting 
= t=" 
fe) 
: LS 
Ca. = tanh E(t-1) 6 fy lier ae ie xX Ree ARO ex igr 
aAYvgh ~ ° om /gh 


Using the non-dimensional parameters equation (5.4) and 


simplifying 
b 1 
2yt mip; tanh Eg (b-B) J] ny Mee * |.as (643) 
Pati Ja 
where e212 e/y 


This equation (6.3) can be compared directly with the result 
given by equation (5.5) and it is seen that they differ only 
by the extra factor tanhie, (b-B) } ins the integrand ofthe 


former. The length of the gréwth period for the generating 
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force is governed by the choice of the constant e€. Taking 
as a criterion that time during which the génerating force 
achieves 90% of its maximum value, then for a growth period 
of l winit of time © isyrequired to be 1.5, Jtania-.7 

when 6 = 1.5]. Similarly for double this growth period ¢€ = 
0=« 75,,and,forshalfothisaneriod 2 = 3 etc... Curves, fore ue 
elevation t, at a = 0, have been computed and plotted, 
figure 3, for growth periods corresponding to 0.5 hours and 
10 hours for latitudes such as that of the North Sea, y= 0e8 
These curves are compared with the corresponding curve for 
the elevation, at a = 0 computed from the solution using an 
instantaneous application of the force, given by equation 
(5.5). It can be seen from these curves, figure 3, that the 
maximum elevation attained decreases as the period of growth 
of the generating force increases. This would be expected 
both physically and from the form of the solutions. The 
instantaneous force therefore gives the maximum elevation 

of the sea surface, and if superimposed on known maximum 
tidal heights would give engineers the worst possible 
conditions that coastal defences would have to face. The 
required safety factors in the design of such defences could 
be adjusted accordingly. The fact that the quicker the 
generating forces develop the stronger the surge, has been 
borne out by observation, i.e. from Proudman and Doodson 
(1924). "Researches by one of the authors (Doodson) into 
the correlation between the unpredicted sea level at Liverpool 


and the neighbouring barometric distribution, led to a large 
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Figure 3 
The elevation produced by generating forces on an 


infinite rotating sea with varying periods for the 


achievement of maximum force. 
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measure of success when the distribution did not change too 
rapidly. But a preliminary study ‘of the effects om Storns 
seemed to show that when the distribution changed suddenly, 
the effects on the sea level followed very rapidly and 
reached magnitudes greater than if the change had taken place 
slowly, oscillations of considerable amplitudes being often 
generated." 

However an important point that should not be over- 
looked in this respect is that there is a difference in the 
time taken to reach a maximum elevation for different growth 
rates. This difference may be important when the surge is 
superimposed on the tidal oscillations to give the final 
elevation. For example a surge having a slow growth period 
could still produce greater effects merely because its 
Maximum coincided with high tide. Crease (1955) has plotted 
the time taken to reach the maximum from the time of 
commencement of the surge, and a similar figure could be 
constructed for the modified force. 

As would be expected the elevation reached by the 
sea surface for large times is identical with that of the 


instantaneous force as tanh te. (b-B8)}>1 for b>. 


6.2 A finite generating width. 

It would seem more realistic to impose a finite 
generating width on the applied force, and this modification 
can also be tried by simply including another step function 


in the generating function given by equation (5.1) 
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E, = - A.H(t) .H(-x) .H(L+x) (6.4) 


Again the same system is used as that in section 5 and the 


generating force is now applied instantaneously at t = 0 


over the region - L<x<o. Taking L>0 
and dE2 = A.H(t). H(L+x) .6 (-x) -H(-x) .6 (L+x) (6.5) 
OX 


dE2 is substituted into the general equation for t and 
ox 


using the properties of the delta function this equation 


becomes 
E 
"ag eg H(t) Joly (t-t,)° - ag ai =e ~ LeL}At, 
a/gh °° If Joh 


- fate Ved aed ee cen) ?/] 
O O of] © gh 


a = (6.6) 
ac £6) sett [ae 
vgh 

As before put ease = T, use the parameters, equation (5.4) 


and also take an additional parameter 


Lo= y(xtL)//gh = a + yL//gh 


Then equation (6.6) simplifies to 


b 
21 te -[- alee al "Jae *t! om [(s?-2.5) "| a8 as 
jal ° IL, | 


Tt vcan be seen that the first integral in equation “(6.7) 1s 
identical with the solution for the elevation that is 
obtained using the generating force acting over the whole 


semi-infinite range, equation (5.5). The only difference 
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between the two solutions given by equations (5.5) and (6.7) 


is the inclusion of the extra integral 


fis. | (87-15) *] a8 


in the latter equation. This extra integral causes the 
solution (6.7) “tombe spliteintorthertwopcases Jal>[Z.| and 
Jal<|Lol, whereas in the solution (5.5) this distinction does 
not exist. In fact the two cases Jal>|Lo| and Jal<|Lo| lead 
to equal and opposite solutions for the elevation. This can 
easily be shown by transferring the origin x = 0 to x = - L/2 
by the transformation x = x) 7 L/2, or in non-dimensional 


terms by putting a = a, - yL/2vgh. The solution (6.7) becomes 


1 


with this substitution 


2Vgh 
b 
| 3_{\e2 face) 2 Paha (6.8) 
Avach pee thee a : 
2gh 2vgh 
ARs = - 
can be seen that ee SIE ae and a,>0 and a, <0 


correspond to the two cases Jal>|Lo| and Jal<|L.| respectively, 
mentioned above. .x = fis the line down the middle=of the 
2 
generating area, and.4¢. 15 of tntenest to note that some ns— 
line a, =0, the elevation t is zero for all times. 
To an observer at a particular point a where 


FRE anil i.e. outside the generating area, there will be no 


disturbance until sufficient time has elapsed, after the 
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ereation of the generating force at t = 0, for the effect of 
the force to be transmitted from the edge of the area x = 0 
to that point with the maximum group velocity /Ygh. This period 
of time is given by b = |a|, exactly as in the previous section 
5.2. When this period has elapsed there is an initial 
elevation of the surface at that point. The actual elevation 
for the subsequent period, from b = |ja| to b = JLol being also 
exactly the same as that given in section 5.2. At the end of 
this period there is a decrease in the elevation due to the 
influence of the second integral in the solution (6.7) 
contributing for the first time, and the subsequent elevation 
¢ will depend on the width of the generating area, and the 
distance of the point of observation from the edge of the 
generating area. The elevation could be reinforced by the 
restriction of the generating area, if for instance, the first 
minimum of the second integral coincides with the second 
maximum of the first integral in equation (6.7). The condition 
for ths can easily be found from equation (5.13). If the 
width of the generating strip L is represented By the 
parameter 6 = yL//gh, the condition is found to be O={V (47454) 
pea}. Por latitudesssuch as@those for the North Sea, a = 1, 
8 = 1 correspond to lengths of the order of 200 kilometers, 
so that reinforcement is not physically possible owing to the 
large distances involved. 

The case lal<|2Z,| corresponds exactly to the 
previous case Jal>|L,| @roethe sign Of © is reversed and] the 


parameters Ly and a are interchanged. 
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Figure 4 


A generating force of finite width. 


Bigure: S 


The elevation produced by generating forces of finite 
and infinite space dimensions on an infinite rotating 


sS@€a. 
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As would be expected for large times, b>~ 
2y__ .¢ + exp(-l[al|)- exp(-|até|) 
Avgh 
and the elevation @t approaches zero as L°>0. Also as L>~ the 
Mimit ~fom G-approaches, that of the case .in.,Section.-5.. 

Curves for particular values of a and 6 are plotted 
in figure 5. Values of 6 = 1 and 6 = 2 are compared with the 
solution obtained when the generating area is the semi- 
infinite one, 80 = », for a = 0. Similarly the case 6 = 1 


is compared with 6 = ~ fora = 1. 


OTHER EVPECTS 


ath & barrvervat right angles! cto,,the direction of 
propagation. 
With the same infinite rotating system the equation 


hor the velocity in the direction of propagation is equation 


(4.14). 
c 00 5 
Bae al dt DE pal , te )adT ices ~ 
5 gf ONE. ia Oere O fe) 
O 
(x-x he 2 H| (t-t_) - |x-x,| ] dx 
Xo ; . X-Xo | 5 
g Fi 
The required condition for a barrier, taken at x=o for 
eorvertence, Is that U=0 at x=0. If E(x,t) is presumed to be 
a given force, then the velocity U, produced by an image force 
Pee x, e), wiere F_9({x,t) =°- E(-x;t) is given by 


if i 
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2 
a 13) [cet po= |x=x0l | AX. 
g /gh 
and on substituting xb tia in this equation and then 


dropping the prime 


U, = ace [ico JE (gt g) Jo [Tr] (tt) re 
—00 i de 


2) 
a | [8 [(t-t.) - Seen AX. ka 
g /sh 
Therefore it can be seen that (U).__, = - (U.)._, and hence 
x=0 I’ x=0 


the effect of a barrier at x=0 could be interpreted as an 


image force acting in the opposite direction to the applied 


force at image points in the region beyond the barrier when 


the sea occupies either of the regions x>0 or x<0. This 
principle can be applied equally well if the barrier is at 
X=L by a simple adjustment of the origin. 

It follows that ft can be derived by the super- 
position of the incident and reflected waves. In fact for 
particular system, taking the general equation for ft given 
equation (4.12), and adding the elevations f and Cr due to 


applied and image forces respectively, it is found that 


Cee BE. fat, f SENOSe Ges aaah 
== OX, 


2)4 | : 
oe ) t*) 3 [ee 0) ~ [xxx | dx, + GR | ato 


2 
as = 


1) 


this 
by 


the 
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oi 2 2)3 
i BE lx gto) Ja fy f(t-t,) ~ Se | J-#[(e-t9) A 


Eso [gs 7 <2) 
¥vgh 
Therefore at the barrier, x=0, the elevation is double that 


which would be present if the barrier was absent, 


7.2 A travelling disturbance. 

It has been indicated, c.f. Proudman (1929) that 
there would be a resonance effect if the disturbance creating 
the surge was not stationary but was moving with the surge 
with a velocity VYgh. Crease demonstrates this resonance for 
Ene particular formsepdqeneratingrfunction E(x/t).> The form 


of E(x,t) he uses is 
E(x;7t) -s12 A.H(t).H(V ot - x) es a) 


This is a force created at t=0 and maintained 
constant, acting over the region -~<x<Vot. This means that 
the discontinuity in the force at the edge of the generating 
area is moving forward with a velocity Vo. 

SUubSe@eur ime todsrvaluc of E(x,t) in the general 
equation for the elevation t given by equation (4.12) 


‘ 2 23 ee 
20" i= ene ait inifo) Sato) .H| €-t.) 
A/gh Oo gh 


|x-Votol | at, (7.4) 


¥gh 
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By using the non-dimensional parameters given in equation 


(5.4), and taking insadditton’ Vo/vgy = 9) "then 


b 2 2) 3 
27 me “iL H(b-8) Jol 6 -(a-0.[b-8]) |#) .x[s -|a-% (b-8) |] a8 


AVgh : 
thateis 
b z 
ZY A =f H(b-8) .J [Gece +an- el} aca-e) -at eb) 
AYgh 2 


H[B-|a-®. (b-8) | ].a8 (7.5) 


Crease omits the first step function in the integrand, 
but this function is relevant when discussing the case of the 
Ssoluivonatior face. 

The particular velocity that is of interest is given 


= Ygh, or @ = 1, as mentioned above. 


e3| 
O 
Kh 
On 
II 
hk 


i 
2 


|28-(o-a) |) ]-#[8-18-(-a) | Jas 


(7.65 


Now the step functions impose the following limits on the 


integral 


b>B> (b-a), b>lal er, 
rer 


Sosthat .20r ao 
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OetOrla-O putting jo =o! where g'. is positive, 


b 
ay as aii H(b-|a|) J, | 
A/gh ee ) 


ma = wea") })* as 


Cia!) 


Using the substitution (b-a) [28 - (b-a)] = ae these equations 


reduce to simple integrals, and can be combined in the solution 


a 
(b7-a7) ? 
2y  .t= t(b=lal) f Io(%) «25-82% 
AYgh b-a O 
that is 
ak 2 » a 
Dide fee.t “{ pea y aa bt 2a 7)7 i): Hi( b= |,) (7.10) 
AYgh pon 


From this solution, the elevation at the leading edge of the 


disturbance, x = vgh.t i.e. a=b, is given by 


i a 
Byer y=. 1, Hamityen [ Bea] 3 (b?-a*)? = b (7.11) 
Avgh 2 b-a 


Therefore = grows without limit at this leading edge anda 
Giscontinuity develops. The slope, of. the. surface at, the 


leading edge is found to be 


a 2y Seo 2 (712) 


Thus immediately behind the discontinuity the surface gets 
progressively steeper. 

For a point a<0 the elevation is zero for b«<q'. 
The elevation at the origin is given simply by 


2Y oC = J, (b) for a=0 (7e42)) 
Avgh 
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The ratio of the elevations for points equidistant from the 


origin but on opposite sides at a time b>|a| is given by 


C+ = bta 
Caw Bea (7. a 


EXTENSIONS TO THE PROBLEM USING CYCLINDRICAL CO-ORDINATES 


8.1 A simple axially-symmetric pressure distribution. 

The axially-symmetric form of the equation for the 
elevation f in cylindrical co-ordinates is given by equation 
(3.33), and if, to be consistent with assumptions in the 
preceeding sections, the bottom friction is neglected this 


equation becomes 


Sea ee Oe Sy i + y? ao 9Tos + TOs 
v2 oor gh yt2 ot ogh \ or Ve 


0 = 
+ l oat ——) pate ee) a (S225 


This equation can be integrated immediately with 
respect to time if tg{-0, that’ is no wihd Stress~on the 
surface in a cross-radial direction. In fact more generally 
both wind stresses, Toe ald 1 disappear completely from 


the right hand side of equation (8.1) if they are taken to 


be of the form 


Cag = Ue el |e miena( ey (8.2) 
1g i 


where f(t) and F(t) ares generals functions»of timesineludang 


the cases f(t)=0 and F(t)=0. There are difficulties in 
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iverpreting these =runctirons near? the ‘origin into physical 
conditions unless it is assumed that Ttg,=Ty,=0. In the 
following case the assumption is that the wind effect on the 
sea surface is zero, or at least negligible compared to the 
effect created by the pressure distribution P,. The 
simplified form of the equation (8.1) becomes 


a7 +a - (he + as C= - (=. val ik (8.3) 
2 rou gh yt2 Og yr7 te Or. 


the integration constant being zero if at some time Z and 39 


C 
ot 
are Zero ;\vand *P., is constant. 

Equation (8.3) can be solved by the use of a zero 


order Hankel transform. 


for? 7 (q,t) = fo (xt) Jo (ar) rar 
fo) 


© (8.4) 
and Pa (qt) =f Pa(t,t) Jo (ar) .rar 
O 
then the transformed equation becomes 
-|q° + i af tangs \\| Gee q? Pa (8.5) 
gh \ 4,2 pg 
Le cig 2 2 2 = 
By making the substitution m~ = (gh.q’ + y ) and taking tne 
Operator D=0 , 
se 
DO? ine = Linge e, (8.6) 
le) 


The complementary function oe is given by 


To. = A exp(imt) + B exp (-imt) (3.0) 
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where A and B are constants. The particular integral op is 
given by 
Oem ie he eens 
PB 0 2imj}D-1im D+im 
= D t 
that is a hq exp (int) f exp'(-imt>) -Pa(qy7 toad, 
202m Ao 
ie 
mexp(-imt) f orp im) Par) Ato} (8.8) 
bo 
where a,, by are constants to be evaluated in conjunction with 
A and B. Therefore choosing a,=b,=0 for convenience and 


making the necessary adjustments to A and B 


Nena | 
ll 


t e 7] 
A exp(imt) + B exp(-imt) - hq Siaiint(t Gye. cee 
om O 
(84.298) 


Also for convenience take the pressure distribution to be 


created at t=0, that is 
Pa = Poet Pea erie et 
there being no initial oscillations, A=B=0 and 


Cao a(t) (1 = cos(mt)) g° oF 68 et) 
p m2 


and taking the inverse Hankel transform 


c=-h Ht) f (2 - cos(mt)) Z-adotea) f P(n).n 
0 fe) eo O 


Jona) dn | dq (Sic dee ) 


SS 


This equation is the general solution for the elevation 
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when the pressure distribution is of the form of equation (8.10), 
and to proceed further particular forms of “P, have to be taken. 
By consulting the tables of Hankel transforms the form of P 

can be chosen so that P can be written down Simply and yet 


still yield a physically interesting case. Such a case is the 


simple exponential variation given by 
P=- C,-exp(-c)r) (Se .b3) 


where Ci and Cc, are positive constants, hence infinities in 


the pressure distribution are avoided. With this distribution 


Cel rel RC } i (2 ~ cos (meq) Cy). “J Jp 9). 
i O 2 Demo ws 
m (cj) +q )2 


(8.14) 


The equation for a similar non-rotating system can be deduced 


from this equation, for with y=0 ac = es 
20th Gans = dra -C 1s = cos (Ygh gqt))«. Cl ; 
sien 1 fe) TEES 
eg (oy qa 
q Jo (rq) .dg (O41 5) 


However returning to equation (8.14) and using the non- 


dimensional parameters 


b= yt, a=yr_ , 4, = Ygh.q, Cg = Ygh.cy (8-6 ) 
/gh iy. Y 
then 
a= 1_-(b) .c; f ¢ - cos(b ue 71) ? : Oo * 
0g O O mee 1) (c ng ye 


do Py ea B55 
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As c is arbitrary, take Cy such that co=l, then 


oe 
a 3 
i= moc f || oe Cee *+1))) “%o 6 1% §AF9) +94, 
Sra 
(qo +1)3 


Using the substitution b*(q.*+1) = te 


pg.o = H(b) bf (4 - cos (8,) : cee Jo ave! ae, 
ES b ) eae 4 b 


i B B 
1 : (Sore) 
The integral can be evaluated numerically to give the 
elevation ¢ for a given value of a in terms of the time 
parameter b. For the particular case a=o, see figure 5, 
5 2 
Ts ES Ht) .b f 1 - cos (8,) L. 6275 db, (8. 09) 
G b y. 4 
i By By 


which on integration by parts yields, 


og .G = JH (b)..1 21+ icos(b)="b Jsin (b}-—-b eos a dp 
ropa Fey Sees — 


i 
(8.26) 
and this reduces to 
' 2 2 
og. oO H(b) .f2 = [utah byicese>) — Deiirley te Gin) 
Cy es ie 6 6 6 
Tt - 3; (»))) (8.21) 
2 
where S; wm) =f sineas,, This’ function. can be evaluated for 


various values of b from existing tables, and hence og.t can 


E 
be plotted directly against, b from, equation, (8.2) ee ieee 
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0-5 


0:25 


Figure 6 
The elevation produced at the centre of a 


radial symmetric pressure distribution. 
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done in figure 6. 

To find the value of OG for large times b*~ equation 
(8.19) can again be integrated by parts; this time taking the 
functions in the reverse order to produce an asymptotic 
expansion for CO! 


3 2 3 4 


1.6. (09.0. = Hib), (2 3" Bvcostbyt La sini ey 96. eos long. 
© b b b 


terms of 0(1)°] ana higher 
b 


Hence b> 


=e 


: 2 2 eos) (8 22) 


") 


Ee) 
LQ 
WN 


Q 
OR 


whereas it can be found that on a similar non-rotating system 


eg.o, ae for b> (SV 2s) 
Y=0 


mal 


from equation (8.15). 


8.2) SA Circular wand Cistrioutron:. 

Taking the atmospheric pressure to be uniform and the 
radial component of the wind stress to be zero, then the 
radially symmetric equation (8.1) for the elevation reduces 


ee 


a7 +29 -1 fa* + y*\lac = _y [8tes + Tos | (8.24) 
a roor gh 2 i ogh or rc | 


e) dt 
The right hand side of this equation vanishes Lor "4142S oa 
x 
and becomes*a functionwcr stame=only=tor to. = Fees 


Combining these two forms of 1, to.avoid infinitiesmfor 
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r=0 and r-~ the generating force is taken to be of the LOrm, 


45, 
I 


constant 


T = 0 (Si25)) 


qa 
i 


Qs ea) + r.H(T-r) | 
r i 


Hence Chev atmospheric disturbance consists of a 
circular wind blowing over the sea surface, whose magnitude 
varies with distance and time, and is zero for r=0 and r=, 


The variation of T with distance is shown in figure 7. 


Os 
Tres Wind distribution approximates fairly well to that of a 
circular hurricane or similar disturbance, the wind velocity 


being zero in the 'eye' and at large distances from it. 


SoSctieucing from equation (8.25)i into equation (8.24) 


per Hi(T=<r) = r.0tr—-l)h il rsti(r-T) “+ aly H(T=2)] 
ae a9 by T 
ae 
x 2 2 Lo 
ee E +193 -1 (E + ¥ )] NGG Qigee ob) Lean) 
Re) ror gh BETS) te ogh ar 
oe ECR NS at PS (8.26) 


wresdeita functions-having zero value except eae at which 
point they cancel each other. 

For convenience and simplicity again choose the 
function of time to be a simple step function, that is, take 
f(t) = A\.H(t) where A, is a constant. The disturbance is 
then suddenly created at t=0 and thereafter maintained 
constant. The initial conditions t<0 are assumed constant. 


Taking the zero order Hankel transform of equation 


foe 26) 
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Figure 7 


The wind distribution assumed to approximate to a 


circular atmospheric disturbance. 


we (Le) 


where H 
= at 


erty t) Sip JEN AER. Og) Ppdr 
ot 2 


Transform 


and from tables of transforms 


Hy H(T-r)| = T.J, (Tq) 
Transform q 
Z 2 2 > 

SN ete Fs 10 PAT OG = Ly -AQ H(t) «5 (Tq) (S527) 

gh 542 dt ogh a2 9 cress 

208 2 2 
Mailtuply stirough “by *qh-and ‘take m™ = (gh.q + ¥"); D= 93 
ot 
then the complementary function 
cae = A exp(imt) > B exp(-imt) (8.28) 


dt 


where A and B are constants, and the particular integral 


reduces to 


eavelopery my Snatigy® oie 1 |-n tt) 
= 1 ——-— 5 2im|D-im. ..D+im 


p q 
s c 
i.e. bios = - 2YAg-J, (7a) - 1 [exp (ime) f H(t.)exp(-imt.).dt. 
ot le) q O 
. t ° 
exp(-imt) f | HS eepdint,) dt | (8.29) 
O 


where ay and Do are constants to be evaluated in conjunction 
with A and B, so choose atte be = 0 and make the necessary 
adjustments to the constants A and B. The whole solution is 


then given by 


t 
90 = A exp(imt) + B exp(-imt) - 2YRy-I, (Ta) Lf sinim(t-t,) 


ot mJ o 
e) g 


Bi ect., 


76 


As ‘there dare-noe finiiialaosciPilatrvons., for t<0)) A = Basso 
dt = - 2yA J, (Tq) H(t). (1-cos (mt)) (8.30) 
ot A ee 
0 gq m 


Taking the inverse Hankel transform of equation (8.30) 


ae = - 2yA, Hee) f J, (Tq). (l-cos Uigha*+y7).t)) -q., (ra) dq 
ome = ae ffev ly, 2hey Of. 


0 aay: 
le) q (ghq’+y~") 
(ehaqy 


This solution can be readily verified by sub- 
StL CULLON anto.equatrvon, (8.26) 


By direct integration of equation (8.31) with respect 


to time 
C=- zag H(t) « f fghg?+y*).t - sin (Aghq“+y%.t) 
0 DT ha Ge 
0 (Sig Mere ine 
J, (Tq) «J, (rq) dq (8. 32) 


It is noticed that=for y= 0- c=, thateis on Senon— 
rotating system the effect of a circular wind distribution 
would be to produce wind driven currents only, with no surface 
elevation. In contrast to the previous cases taken the above 
solution for the elevation leads to infinite values for {f as 
t+*, However such cyclonic disturbances in practice would not 
be in existence for infinite times and equation (8.32) could 
give the initial motion. § For,~small values or t*this* equation 


Simplifies to 


C= - 2yA, ey. f SURO pleura Vesela (8.33) 
0 
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DISCUSSION 


Oarb? Rubbing theory sintowpractice: 

The place of theoretical analysis in the practical 
problem tofvsurge *predictionis'tonly partially»obvious.» The 
basic equations of motion, their simplification and in certain 
cases their integration will be required for most forecasting 
methods. Numerical methods using computers will probably be 
widely adopted for predictions in the near future, and the 
basic equations for these methods will be the general averaged 
equations in sub-section 2.2. However the usefulness of the 
exact mathematical treatment of idealised models is perhaps 
DOtssosapparent . 

In Section 2 the equations of motion are derived and 
Simplified using an order of magnitude analysis. This method 
was developed by Charnock and Crease (1957) but has been 
adapted in Section 2.1, to the form of the boundary layer 
sary Si Sigil yemlby $Schitehting (1955)“which is *feltvtoebe 
slightly more rigorous. The non-linear terms are neglected 
in this report but it has been indicated that these terms 
are important for the cases of estuaries and similar 
geographical features. The height of surges travelling up 
estuaries could effect major ports and cities and in recent 
years a number of papers have been published dealing with 
non-linear effects, see Charnock and Crease (1.9.5.9) h 

The averaged equations provide an approximation to 
the equations of motion in that they satisfy conditions at 


the upper and lower boundaries and provide a mean solution fox 
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the fluid between. In this respect the averaged equations 
resemble the Von Karman integral equation from boundary layer 
theory. Proudman (1954) justifies the use of the averaged 
form of the equations and a simple bottom stress relationship, 
for the case of a one-dimensional surge in a rectangular basin. 
In general however the adequacy of the averaged equations 
depends on the type of bottom stress law assumed (c.f. section 
2.3) which in turn depends on other factors governing the 
motion (Welander (1961) ¢ 5.4). 

The laws governing the propagation of the surges 
outside the influence of the generating forces are approximated 
to by the free motions described in Section 3. An example of 
such a surge would arise if a depression moved eastwards 
across the northern entrance to the North Sea. The associated 
surge would travel into and around the North Sea whilst the 
depression would disappear over the continent. Frictional 
effects would still be present however, but these are likely 
to be quite small except of course along the fringes of the 
sea. A simple allowance for such effects was discussed in 
sub-section 3.4. 

The free propagation of surges also shows that ona 
rotating system the surges are in general dispersive, but two 
special types of non-dispersive waves were found. These two 
special waves, the Kelvin and Poincaré waves, together with 
the inertia currents provide a good indication of the laws 


of motion for surges in nature. 
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The general equations for the elevation are easily 
derived in both cartesian and cylindrical co-ordinates but 
are difficult to solve except when simple conditions are 
assumed. The particular model investigated in Sections 4-7, 
that is an infinite rotating sea of uniform depth with no 
bottom friction, would approximate well to mid-oceanic 
conditions. In deep water bottom stress can be safely 
neglected and a region far removed from boundaries would 
Seocmoe a Intinite sea. “Ihe usefulness of solutions “in 
mid-ocean may be held in some doubt, nevertheless this 
particular model is a relatively simple one and can be useful 
in other ways. Solutions obtained on such simple models 
throw some light on the properties of surges occuring in 
more elaborate systems. In sub-section 6.1 it is shown that 
a gradually applied force will lead to a surge having an 
amplitude less than a surge generated by a more rapidly 
developing force. The travelling disturbance discussed in 
sub-section 7.2 indicates strong resonance when the disturbance 
moves at a velocity approaching /Ygh. Both of these properties 
are borne out by observation. 

Tie particular forcing function chosen by Crease: in 
Section 5, was shown to lead to a steady elevation for 
infinite times. On a non-rotating system a corresponding 
force would produce an ever-increasing elevation owing to the 
non-dispersive nature of its surges. The generation of the 


surge from rest was discussed in some GetaLtl wr -tnis Secrcion. 
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Other extensions considered wene.the.effect.of.a 
barrier .ati night. angles to, the ,dinection,oc& propagasion of 
the surge and a finite generating width. 

The effect of a barrier is the same as that of an 
image force acting in, the .oppositesdinection to, theapplied 
force at,image,points with ~nespect tothe barren, and for 
the particular applied force of Section 5 leads to.an elevation 
at the barrier that is twice that which would have resulted if 
the barrier was removed. The restriction on the generating 
strip in general leads to a reduction of the surge amplitude, 
but it was shown in sub-section 6.2 that certain widths leading 
to a reinforcement of the surge are possible. 

Finally the solutions were extended in Section 8 to 
cylindrical co-ordinates. This form of the equations appears 
to be neglected,.in, theoretical works... With an.axially 
symmetric form of the equations realistic forms of stationary 
atmospheric disturbances can be considered simply. However 
for travelling disturbances the equations would become more 
difficult to use. A simple form of pressure distribution 
was shown to lead to a well behaved solution for all values 
of r and t, whereas unfortunately a wind system leads to a 
solution that becomes infinite for t*~. The second solution 
however remains finite for all values of r and so could be 
used as an. dindieations of uthetseolwti one for sma ll. times cee 
combination of these two generating functions gives an applied 


force that approximated very well to a cyclonic atmospheric 
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disturbance, and as the eguations are linear the solutions can 
also be combined by addition. 

In conclusion therefore it is considered that actual 
quantitative predictions must be left to computer techniques 
and to some extent empirical allowances for local geographical 
effects. Exact mathematical treatments are valuable in 
determining the laws of motion and properties of the surge and 
in this respect can direct the research into more realistic 
problems and provide a greater understanding of the dynamics 
of the motion. In some instances orders of magnitude of the 
various quantities of the motion can be determined. Tables 
for numerical values occuring in the solution for the infinite 


rotating sea are given in the Appendix. 
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APPENDIX 


The numerical values of the parameters and physical 
quantities given by Crease (1955) are reproduced below for 
various oceanic conditions. The units of ¢€,U,V are equal to 
AV/gh/2y, Ag/2y and Ag/2y respectively. Column A' gives the 
values of these units for an air pressure gradient of 1lm.b./20 
kms. equivalent to A = ge Column B' gives the values of 
the same units when the generating force is derived from a 
wind stress T = eiiyein ie where G is a numerical parameter, 
G=0.002,p, and ae the density and velocity of the air 
respectively. va is taken to be 20m./sec. By comparing 
columns A' and B' it is seen that the effect of wind stress 


is negligible in deep water but in shallow water it is some- 


what greater than the pressure effect. 


| Approx. units Approx. units of 
: ; Average Approx. Approx. 
Locat of ¢ (cms U,V 
depth(m) —_|units of a (kms)} units of b (hrs) A S : sia 
SS 


Numerical values of parameters and physical quantities. 


1400 
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Ll, INTRODUCTION 


This assessment of the terms of the heat budget equation in Barrow 
Strait for 1962 was undertaken in connection with the study of oceanographic 
data observed in the Canadian Arctic during the navigation seasons of 1960, 
1961 and 1962, Barrow Strait was selected as the area of study because rad- 
lation observations, as well as other meteorological data, are made at 
Resolute on nearby Cornwallis Island (Fig.l). 


The oceanography and especially the water movements of the region 
are little known, It is considered (Collin, 1963; Collin and Dunbar, 1964) 
that a net water transport to the eastward occurs in Barrow Strait; however, 
the data are largely qualitative and, in the main, are restricted to the 
period of the navigation season (Collin and Dunbar, 1964), It is known 
(personal experience of one of the authors, F,G,8., in 1960 during a period 
of strong east wind) that a strong (2 knot) westward moving current can 
occur close inshore in Barrow Strait off Resolute, at least for short periods 
of 2 to 3 days, Bailey (1957, his figure 25 and table iv) inferred a small 
westward movement at the surface between Cornwallis and Griffith Islands 
with a general eastward movement throughout the remainder of Barrow Strait, 
Although icebergs have been observed as far west as Barrow Strait (Lindsay 
1968, p 23) it is believed that the main surface drift is eastward, 


Due to topnography* this drift comprises water from the upper 150m 
in the Arctic Ocean, As this water is close to the freezing point it would 
be anticipated that the movement would contain little sensible heat, A con- 
sideration of the movement which likely occurs through Jones Sound and Smith 
sound led to a similar conclusion, i,e, that water transport into Baffin Bay 
from the Arctic Ocean does not contribute significant sensible heat to Baffin 
Bay, This interesting hypothesis was another reason to locate the examina- 
tion of the budget in Barrow Strait, Of course studies should also be made 
in the other areas (Jones and Smith Sounds) but they would be less meaning- 
ful because of the paucity of data there. 


Thus, we are led to another reason for a heat budget study in an 
Arctic region which, and under the severe limitations which attend such 
studies generally, is further limited in the application through the lack of 
oceanographic data and hence understanding, It is clear that useful observa- 


* It is proposed to put off a detailed description of the bathymetric data 
and the likely influence of sill depth to another report, An examination of 
data obtained in CSS "Baffin" in 1962 in Barrow Strait (CHS field sheet 3182) 
indicates that the maximum sill depth probably does not exceed 130m (71 fath- 
om) and that it likely exists in the section Russell to Young Islands, al- 
though there is a portion in the section Garrett Island to Bathurst Island 
not yet surveyed in which a deeper threshold may occur, Coupling with the 
Arctic Ocean may also occur to the north, via Wellington Channel, and to the 
south via Peel Sound, where from quite limited data the threshold depths 
appear to be 100m and 146m respectively. 
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tions will depend on the extent to which presently available material can be 
exploited, This may require considerable speculation initially and indeed 
the consideration of a number of assumptions quite impossible to assess even 
in the near future, No doubt a considerable modification will occur ina 
heat budget as presented here; it is partly for this reason that it is pre- 
sented in some detail, 


2. DISCUSSION OF THE BUDGET 


The detail of the energy budget of the water of Barrow Strait, 1962 
is presented in the Appendix, It is attempted there to estimate the monthly 
means of each of the terms in the heat budget equation, It is concluded that 
the total energy. transfer at the surface in 1962 was a gain of 3.0 x 10° ly 
(3,0 kg-cal/cm) to the water, Although the magnitude and even the sign of 
the balance remain in some doubt, some speculative conclusions can be drawn 
from the-results, 


2.1 Major limitations 


The heat budget is not complete; it was not possible to obtain 
monthly estimates of the heat storage and hence the advected heat, The data 
needed to estimate heat storage include temperature-depth profiles of the 
water and the ice at regular intervals as well as the ice thickness data now 
available (Anon,, 1962; 1963a), It is important to observe the water temper- 
atures throughout the year; the temperature profile of the ice can be estim- 
ated without greatly increasing the error in the budget. 


The balance obtained is limited by uncertainties in each term of 
the budget; these are discussed to some extent in the Appendix, Each of the 
surface heat fluxes depends on the ice cover so the error of the balance 
depends partly on the accuracy of ice concentration estimates, The error in 
estimating the concentration from aerial ice survey charts is probably about 
10% and may sometimes be as high as 20%, It was assumed that during the 
winter the ice cover was complete. This may not be a good approximation; 
Dunbar (1954) in a representation of winter ice conditions shows eastern 
Barrow Strait to have some "semi-permanent open patches", and on May 21, 1964 
(late winter) an area of open water was observed in this region (Anon, 1967a), 
It is not known how often such open areas occur, Since none were observed 
during the survey flights of April or May 1962 it was thought that assuming a 
complete ice cover from November to May was not unreasonable, 


The heat balance is further limited by the lack of knowledge about 
ice transport. It is generally considered that the Arctic Ocean is a source 
of ice; Vowinckel and Orvig (1961) listed estimates of the annual ice export 
from the Arctic Ocean which range from ten to sixty percent of the ice formed 
and suggested that about twenty percent seems reasonable, There is little 
doubt that a portion of the ice which exists in Barrow Strait formed to the 
westward and northward, As well some of the ice which moves eastward out of 
Barrow Strait into Lancaster Sound formed in Barrow Strait, At the present 
time there do not appear to be any definitive data which would allow a quan- 
titative assessment of this aspect, For the purpose of the budget it is as- 
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suned that the surface ice condition throughout 1962 in Barrow Strait was due 
to ice formed within the strait, The aerial ice survey charts (Black, 1965; 
Anon,, 1963b) suggest this is not unreasonable, Lindsay (1968, p40) esti- 
mated* the ice import in 1966 to be much greater than the export; he con- 
sidered (p 39) that year to be "a normal, 'average', or typical ice year", 


It was not possible to provide a realistic error estimate of the 
heat balance obtained in the Appendix, The magnitude of the error introduced 
by the assumptions concerning ice transport is completely unknown; it will 
only be possible to estimate it when the transports are known, There are 
also a number of terms in the heat budget for which no error estimate could 
be provided, No authoritative estimate of the error of the radiation obser- 
vations is known to the authors; the precision appears to be high (section 
5.2.1.1) but the accuracy is unknown, The albedo was derived from ice con- 
centration estimates with about a 10% error, and a number of quite subject- 
ive criteria whose error can only be determined by more frequent measurements 
of the albedo, Neither the sensible heat flux nor the evaporation have been 
measured in this area, except for brief periods (Champ, 1965); again no real- 
istic error estimate was possible, It is realized that the significance of 
any balance obtained is limited by this lack of error estimate, 


2.2 Ice breakup 


Ice formation and breakup are the results of the interaction of a 
variety of meteorological and oceanogrephic parameters, Currents and tidal 
streams often play a part in determining breakup patterns, The salinity of 
the water determines its freezing point, Air temperatures cause cooling or 
heating, i.e. growth or melt of the ice, The short-wave radiation from the 
sun causes heating and may be the heat source needed for melting, Wind 
stresses can cause cracks and leads, and ridging - contributing either to 
breakup or consolidation of the ice, These factors appear to contribute to 
breakup at different rates in various seasons, so that the condition at the 
surface may vary considerably from year to year, 


Markham (1962) earlier had indicated that he considered the mean 
wind flow was significant in summer breakup patterns and that departures from 
normal temperatures were relatively unimportant, Some revision of this view 
seems to have occurred (Markham and Hill, 1963) in consideration of the dis- 
tribution of sea ice in the summer of 1962, It is shown in the following 
that above normal air temperatures may be important, 


ee 
* He estimated the area of ice imported and exported from Barrow Strait in 
1966 as follows: 


Imports Exports 
‘ane km* 
June nil nil 
July 6860 1000 
August 2500 nil 
sept, 1000 nil 
2 


The area of Barrow Strait was given as 25810 km’, It is not known how re- 
liable these estimates are, 


Awe 


In 1963, Lancaster Sound remained congested until mid-August and 
heavy ice obstructed passage from Lancaster Sound to Barrow Strait throughout 
the month, Usually these passages are open before the middle of August 
(Markham, 1963). In Baffin Bay, too, breakup wes a month later than normal 
by mid-August (HiJ1, Cooper, and Markham, 1965), However, in the western 
Arctic, conditions were more open than usual, The clearing of Amundsen Gulf 
was the earliest reported since records began in 1953, 


In 1964, Lancaster Sound had open water considerably earlier than 
normal, Baffin Bay remained more congested than normal, In the western 
Arctic, the extreme lateness of breakup in Amundsen Gulf was outstanding, 
Both the 1963 and 1964 ice distributions are attributed to the atmospheric 
pressure patterns (Anon,, 1967 a, p 74): 


In 1963, breakup was delayed in eastern Parry 
Channel by unfavourable winds and the lower 
than average frequency of lows in the area, 

In 1964 the reverse pattern had a similar effect 
on the western Arctic coast, 


The dependence of the ice distribution on winds and thus on pres-— 
sure patterns observed in 1963 and 1°64 was noticeable partly because of the 
Low air temperatures thet prevailec, For both years the June, July and Aug- 
ist temperatures were below normal, Becéuse of these low air temperatures, 
thawing was only a minor factor in breakup, and the effects of winds and pres- 
sure systems were dominant, ‘These effects have more Aanfluence on. the distri- 
bution of ice than on the amount of it, Thus in a year when wind stresses 
&re important we expect some open areas, and some very congested areas, as 
the wind stresses will cause the ice to move but not to melt. Such distribu- 
tions were observed in both 1963 and 1964. In the former, the eastern Arctic 
was congested while the western channels were more open than usual, In 1964 
the opposite was observed; Lancaster Sound was open while the western Arctic 
was congestec, 


In contrast to both the 1963 and 1964 seasons, the ice concentra- 
tions observed in 1962 were light throughout the Arctic Archipelago, Markham 
and Hill (1963) point out that "the extent of breakup in 1962 was greater 
than any summer of the past decade", When breakup is so widespread, it is 
not likely that wind speed or directior is the major factor in breakup, since 
this causes inhomogeneous ice conditions, as already mentioned, If breakup 
is widespread, the amount of ice must be considerably decreased, and it is 
likely that thawing is the more important factor in breakup, 


The unusually high degree of breakup in 1962 was quite widespread* 


and it seems likely that more thawing than usual occurred, As the main 


—eo—eaeVoav—OOOo a ae 
*Lindsay (1968, p,10) gave the percentage area of ice in the wueen Elizabeth 
Islands at the end of the summer months for 1962, 1964 and 1966: 


June July August eepteniber 
1962 87 Le 32 65 
1964, 90 85 (i (he 


1966 92 RO 67 82 


-5 - 


sources of heat available for melting are the absorption of short-wave radia- 
tion and sensible heat flux from the atmosphere, above normal thawing must be 
the result of either unusually high incident radiation or above normal air 
temperatures, or both, In 1962 both these conditions were observed, The 
effect of air temperatures on breekup is often discussed in terms of the 
thawing index (Markham, 1960; Thompson, 1963), This thawing index is the 
cumulative sum of melting degree-days where for each day the number of melt- 
ing degree-days is defined as the excess in Fahrenheit degrees of the mean 
temperature over 32° F, For example when the mean temperature for one day is 
40° F, the number of melting degree-days for that day is eight, 


At Resolute, the mean thawing index is 495 melting degree-days for 
the season (H,A, Thompson, personal communication), The lowest index was ob- 
served in 1964 (200 melting degree-days) and the highest thawing index for 
the season was observed in 1958 (888 melting degree-days), 1962 has the 
second highest thawing index for the whole season (710 melting degree days), 
Once a region of open water has formed, thawing air temperatures contribute 
to a rise in temperature of the water rather than to continued ice-melt, 
Thus, it is more meaningful to consider the number of melting degree-days 
prior to breakup than the thawing index for the whole season, A large frac- 
tion of the melting degree-days in 1958 were accumulated after conditions of 
open water prevailed in Lancaster Sound, because of above normal August 
temperatures, In 1962 August temperatures were near normal, The number of 
thawing degree-days accumulated in June and July, that is before ice breakup, 
was highest in 1962, There then appears to be some correlation between a 
large extent of breakup and above normal air temperatures prior to breakup. 


One way in which these temperatures can be brought about during a 
winter has been described by Thomas and Titus (1958) who concluded (p22): 


A study of the normal temperature pattern 
during January in the Canadian Arctic in- 
dicates that the eastern coast adjoining 
Davis Strait and Baffin Bay often has much 
warmer temperatures than can be expected in 
the western Arctic, Besides the moderating 
effect of the water and ice, this coastal 
area is also subjected to maritime Arctic 

and maritime polar air thrusts fromthe south 
as low pressure systems move northward to the 
west of Greenland, The amount and extent of 
the warm air moving into the Arctic varies 
directly as the intensity and location of the 
cyclonic activity. On occasions when the sur- 
face low pressure system moves in a west-north- 
westerly direction across the top of Hudson 
Bay, the warm sector of the depression is ex- 
tensive enough to move the warm air north not 
only over Baffin Bay but also over and to the 
west of Baffin Island, That is what occurred 
on January 19-24, 1958 and as a result the 
north-eastern Arctic experienced some abnorm- 
ally high wintertime temperatures, 
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Such a circumstance may have occurred in the early summer* of 1962, Accord- 
ing to Markham and Hill (1963, p3): 


On the July mean pressure chart there was 
a low near Churchill, a smaller low over 
the Gulf of St, Lawrence and a flat ridge 
over Greenland and the Arctic Archipelago,.. 
The resulting extensive area of southeast 
winds gave above normal temperatures over 
the whole region,.. 


Although air temperatures are important, the absorption of short- 
wave radiation is a much larger heat source than the sensible heat flux from 
the atmosphere, especially during the months immediately preceding breakup 
(See Figures 8 and 9), In July 1962 the amount of cloud was lower than 
normal (Table 1, Appendix) causing a higher than normal value for the inci- 
dent short-wave radiation, The 1962 value was 557 gram calories per square 
centimeter per day, i.e, langleys per day (ly/day) for July; the normal is 
456 ly/day, However, only the absorbed short-wave radiation can contribute 
to thawing, Thus it is necessary to examine the albedo as well. If the 
albedo is very high, say .90, then the difference in absorbed radiation be- 
comes quite small - only about 10 ly/day, The difference is more important 
when a low albedo coincides with a high value of the incident radiation, 


Before breakup begins, the albedo is dependent on the condition of 
the ice or snow surface, Havens (1964) found that the albedo increased 
during periods of snow fall and decreased during periods of melt, In 1962, 
measurable snow fell on only two days in June, This is less frequently than 
normal, and would tend to keep the albedo below normal, The early onset of 
melting (June 4; the mean for 1950-1965 is June 13) will also cause the al- 
bedo to be lower than usual since it drops sharply when the air temperature 
rises above 0°C (Langleben, 1966), After breakup begins, the albedo also 
depends on the concentration of ice left in the region, As the Arctic Ocean 
is a source of ice, and as, it is generally believed, a persistent water 
movement occurs through the waterways of the Archipelago from the Arctic 
Ocean to Baffin Bay it may be concluded that part of the ice in Barrow Strait 
originated in the Arctic Ocean, To what extent this occurs on the average or 
in an individual year is little known except perhaps for the 1962 season, 
Black (1965) provided a detailed description of ice movement which strongly 
suggests that less ice was advected into Barrow Strait than usual and that 
therefore the albedo was lower than usual, Combined with the high incident 
short-wave radiation this means that the absorbed radiation in 1962 was much 
higher than usual, and contributed much to the rate of thawing, Thus, the 
rate of thaw in 1962 was much higher than normal influencing the timing and 
extent of ice breakup that year, 


Although the early breakup and its great extent in 1962 were largely 
due to the combination of high insolation and melting air temperatures, the 
correlation between breakup and radiation and air temperature will not be 
apparent every year, When the air temperatures remain below freezing, the 
influence of above normal radiation will be limited, because the albedo of 


*It is believed that the phenomenon occurred in March of 1962 but it is not 
considered significant in terms of the summer ice cover, 
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melting snow is much lower than that of a stable snow cover, When thawing is 
slower than normal, the effects of winds, currents and tides become more ap- 
parent, as was seen in 1963 and 1964. Thus, low thawing indices and low in- 
solation in any given area do not necessarily cause congestion of ice, as 
breakup can occur by means other than melting, It is concluded, however, 
that much above normal air temperatures and higher than normal radiation, in 
combination will usually cause early breakup and relatively open water condi- 
tions, It is also concluded that in 1962 more seasonal heat than usual was 
absorbed by the surface water in Barrow Strait, ; 


2.3 Oceanographic consequences 


Generally in ice covered regions at high latitude a surface energy 
budget shows that a deficit in the radiative and flux terms occurs at the 
water surface, The deficit is usually small and generally balanced by an 
advection of warmer water (heat) into the region from lower latitude, For 
the Arctic Ocean, this deficit has been estimated by several authors; the most 
likely estimate seems to be 1,6 x 10? ly/year (Untersteiner, 1964; Fletcher, 
1965). It is met by the inflow of Atlantic water which remains in the Arctic 
Ocean six to eight years and during this time is somewhat modified due to the 
cooling at the surface (Coachman and Barnes, 1963), This longer term modifi- 
cation is superimposed on the seasonal cycle. Seasonal changes occur in the 
surface layer only; the modification due to the surface deficit extends to 
great depths, In the heat budget of Barrow Strait no annual deficit occurred, 
Consequently no net cooling of the water occurs and no advection of heat into 
the region is required, In the budget it was found that in 1962 a small sur- 
plus occurred at the surface. If this is usual, some heat must be advected 
out of the region but the amount will be small, It seems likely that there 
is usually no significant surplus or deficit in Barrow Strait, and that this 
is true over much of the water in the Canadian Arctic Archipelago, It follows 
that the observed vertical distribution of temperature and salinity at a pos- 
ition there is due to advection into the area and to mixing processes within 
the area, This implies that the observed distributions are nearly conserva- 
tive even at relatively shallow depths, 


Coachman and Barnes (1962) described the characteristics of the 
surface water in the Eurasian Basin of the Arctic Ocean and utilized the dis- 
tribution of temperature and depth at 33.8%. (Fig.2). They argued that 
water at 33.8%. was part of the surface layer and that it moved out of the 
Arctic Ocean in the passage between Greenland and Spitsbergen, In their pres- 
entation the water at 33.8%. close to Greenland is not warmer than =) See 
The temperature and depth of the 33,8%0 surface within the Archipelago were 
calculated from data obtained mainly in 1962 (Fig.3). West and north of the 
sills in Barrow Strait, Penny Strait (Fig.1) and Hell Gate the 33.8%0 sur- 
face is relatively shallow and warm, In M'Clure Strait the depth is about 
150m; in Nansen Sound and Norwegian Bay it is about 100m, In most of the 
Archipelago the temperature is about -0.9°C; it is warmest in Norwegian Bay 
and Jones Sound (about -0,7°c), Towards the Canadian Basin and Beaufort Sea 
temperatures were about -1,2°C while in Lancaster Sound and northern Baffin 
Bay they were colder at about -1.5°C, It is believed that the area of warmer 
water on the 33,8%o surface within the Archipelago is due to the increased 
mixing which would occur in such a coastal area (as opposed to oceanic) *, 


a _——— $$ —$ 
* It is interesting to note that the warmest water on the 33.870 surface 


occurs in the vicinity of Hell Gate where mixing is probably more vigorous 
because of the topography of the strait and the strong current through it. 
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Fig. 2. Temperature and depth of the 33.8%. surface from 
Coachman and Barnes (1962, their figures 7 and 8), 
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Temperature and depth of the 33.8 ho surface in the 
Canadian Arctic based on 1962 data from CCGS "Labrador" 
(Anon,, 1967b), CCGS "John A, MacDonald" (Anon,, 1966c) 
and Ice Camps (Herlinveaux, 1963) and on data from Ice 
Pack, 1961 (Herlinveaux, 1961) and a few stations of the 
1954 "Labrador" survey provided by the Canadian Oceano- 


graphic Data Centre, 
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the existence of relatively warm Atlantic water at depth below 45 8 ns » and 
a lack of net cooling at the surface as suggested by the heat budget, 


In this it is assumed that in the region of the Archipelago west- 
ward of Barrow Strait and Jones Sound an advection of water occurs out of the 
Arctic Ocean, Eventually the water moves via Barrow Strait and Jones Sound 
into Baffin Bay. With knowledge of the threshold depths in these regions 
and the distributions within the surface layer of the Arctic Ocean one is led 
to the view, expressed here in the Introduction, that no significant sensible 
heat is transported with this advection, However, because of the coastal 
mixing which takes place, the temperature distribution is modified so that 
some warm water occurs at depths less than the sill depths and sensible heat 
may be transported with the advection, If the surplus of heat at the surface 
of Barrow Strait is usual, then it is also advected eastward, There is some 
evidence that this warm water is cooled in Lancaster Sound and Baffin Bay where 
some open water occurs during the cooling period of each year and a deficit in 
the radiative and flux terms occurs at the surface, 


2.4 Suggestions for future work 


One of the purposes of oceanographic heat budgets is to study the 
transport using the estimate of the advected heat, Although an annual esti- 
mate for the advected heat out of Barrow Strait, 1962, was obtained it was 
not possible to calculate the transport because the temperature data were too 
scarce, It is suggested that bathythermograph data be obtained in sections 
across the eastern and western ends, and across the entrances of Wellington 
Channel and Peel and McDougall Sounds for most of the shipping season, From 
such daté it should be possible to estimate the change in temperature of 
water moving through the strait, and hence to estimate the transport, It is 
also suggested that temperature observations be made throughout the strait 
during an entire shipping season so that the heat storage and hence the ad- 
vected heat can be estimated on a monthly basis, at least from July to Oct- 
ober, 


It was suggested in the previous section that coastal mixing is 
important in determining the structure of water moving through the Archipelago, 
It is suggested that a study be made of the vertical temperature and salinity 
distributions between the Arctic Ocean and Baffin Bay to see whether these 
properties are in fact conservative, as implied by the small annual surface 
energy balance, In such a study sill depths and known seasonal or sporadic 
variations in structure should be considered, The effects of winds and pres- 
sure patterns should also be examined, It is hoped that such studies will 
result in a model of the circulation through the Archipelago, 
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DETAIL OF TH! HEAT BUDGET 


5.1 . The heat budget equation 


A heat budget is an application of the principle of conservation of 
energy, In any arbitrary system the energy gained by the system from its sur- 
roundings is equal to the energy lost to its surroundings plus the energy 
stored in the system, In order to speak of heat fluxes between the system 
and its surroundings, it is necessary to choose boundaries for the system, In 
this study the system is the volume of sea water and ice in Barrow Strait, 
lhe lower boundary is the floor of the strait. Arbitrary lateral boundaries 
are shown in fig, 4; the system is surrounded by Cornwallis Island, McDougall 
Sound, Bathurst Island, Viscount Melville Sound, Prince of Wales Island, Peel 
Sound, Somerset Island, Lancaster Sound and wellington Channel, When there 
is no ice cover, the upper boundary is the air-sea interface; when the ice 
cover exists the upper boundary is chosen to be the air-ice interface, i.e, 
the sea-ice is part of the system, 


The advected heat is the net heat exchange which accompanies the 
exchange of water or ice between Barrow Strait and the adjacent channels, If 
there is no net import of ice and if the mass of water flowing out is equal to 
that flowing in, then there’is no net transport of the latent heat of fusion, 
and it need not be included in the advected heat, If there is a net import or 
export of ice but the total mass exchange is zero* then the advected heat must 
include the latent heat of the ice surplus or deficit, This advected latent 
heat is positive when there is a net export of ice from the region, In this 
heat budget it was assumed that there was no net import or export of ice in 
Barrow Strait, 


Since the ice is included in the system, heat storage occurs in the 
ice as well as in the water, Heat storage in ice includes the heat utilized 
in melting or freezing at the top and bottom of the ice sheet and temperature 
changes of the ice, In long term heat budgets, the heat storage term is as- 
sumed to be zero; no net long term heating or cooling of the water is observ- 
ed, and the ice thickness does not noticeably increase over the years, In 
short term budgets however, e.g. when monthly estimates of the terms are ob- 
tained, the heat storage in the ice must be included in the total heat storage, 


Radiation incident on the air-sea boundary, W, is the chief gain of 
heat to the volume, The incident radiation is short-wave; part of it, Q.» is 


* It is conceivable that over short periods mass exchange may occur whereby 
the mass of the system is not conserved, If some of the water flowing into 
Barrow Strait freezes and becomes part of the ice cover and if the ice is land- 
fast or moves more slowly than the water, there may be an increase in the mass 
of the system, The excess mass would be removed several months later when the 
ice melts and the outflow is greater than the inflow, For short term budgets, 
the latent heat of the water surplus or deficit should be included in the ad- 
vected heat, It is not knownwhether such deficits or surpluses occur, 
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reflected at the surface, leaving an amount of Ws of absorbed short-wave rad- 
iation, The surface radiates in the long-wave region, as does the atmosphere; 
the balance between them is known as effective back radiation, Wp hese rad- 
iative terms add to give the net radiation, Wa! 


Q, = Wem (1) 


J 


Turbulent heat fluxes, Wy occur as heat of evaporation, Ye» and as sensible 
heat flux, Q? 


a. pmthaGe (2) 
The total heat input through the air-sea boundary is: 


4, = Qa (3) 


The advected heat, Ws is positive when it is a gain to the system, The heat 
conducted through the bottom of the strait is negligible, The change of heat 
storage of the system, Q , is the sum of the heat storage in the ice, &., and 
in the water oe = : 


Since heat is conserved, 
4+ Qo Wo. (5) 
This may also be written as 
Q.- A- Q- Y- G- Q, +Q =0. (6) 


5.2 Evaluation of the radiative terms 


There are two almost independent radiative terms, the absorbed short- 
wave radiation from the sun and sky, and the effective back radiation from the 
earth, The first is the difference between the incident short-wave radiation, 
Q, and the reflected radiation, Qs which depends on the albedo, A, of the 
surface: 


W.=A Q (7) 
so that 


Q,= @- Q,=0 (1-A), (8) 
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The effective back radiation, |, is the difference between the long-wave 
radiation from the sea and that received from the atmosphere, The net radia- 
tion, Q is defined by (1). 


5.2.1 The short-wave radiation 
5.2.1.1 The incident short-wave radiation, Q 


The Meteorological Branch of the Department of Transport publishes 
measurements of the incident short-wave radiation (also known as insolation) 
for Resolute (Anon,, undated a), As little was known about the guality of the 
observations, data for the years 1962 to 1966 were examined in some detail, 


Following a techinque described by Mateer (1955, p. 17) an insola- 
tion vs, time curve was obtained for days on which the cloud amount was re- 
ported as zero at each of the eight observation times, The cloud data (Anon., 
undated b) from January 1961 to June 1966 were examined, No cloudless days 
were observed in July, August, September or October, and only one was observ- 
ed in June, For each cloudless day the observed insolation (Anon,, undated a) 
was plotted (Fig.5). The scatter about the curve is very small - the deviation 
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of a point from the curve is usually less than 5%, Because of the lack of 
cloudless days in the later months of the year, certain of the other incident 
radiation data were also plotted, For 1962 the ratio of the diffuse short- 
wave to the total short-wave radiation was found, For each month a value was 
selected for which it was assumed that any larger ratio of diffuse to total 
radiation occurred on cloudy days, For the other years another criterion was 
used, Beginning in February, at first sunrise, days were chosen which had a 
higher insolation than any previous days, This selection process was applied 
to the data from February to June, In this period, increases of insolation 
from day to day are due to the increasing altitude of the sun; any decrease in 
the solar radiation can be attributed to cloud, For the rest of the year the 
data were examined in reverse order, The selected points were plotted in Fig.6, 
A symmetrical curve (Fig.7) drawn just below the highest points was obtained. 
from the data of Fig.6, Due to the increased cloudiness in the later half of 
the year, the curve is better defined from February to June than for the later 
months, It was found that the curve coincides well with the one obtained from 
data obtained on cloudless days (Fig.5), It may be inferred that Fig,7 shows 
the average insolation for cloudless days, The small scatter of short-wave 
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radiation measurements on cloudless days implies that the precision of measure- 
ment is high, Direct measurements of Q are used in this energy budget, ‘The 
monthly mean values of @ and of the cloud amount, C, for 1962 (Anon,, undated c) 
and the normals (Anon., 1966 as;b) are shown in Table 1, The low value of @ ob- 
served in June 1962 is accompanied by a higher than normal amount of clouds fini 
July 1962, C is much smaller than normal, resulting in a high value of &, 
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Eiey «Ls The short-wave incident radiation on cloudless days, Q, 
obtained by finding the envelope of the points from Feb- 
ruary through June and assuming symmetry about the sum 
mer solstice, 


eee lye) Thecalbedos, A 


The albedo of any surface is defined as the ratio of radiation re- 
flected from that surface to the radiation incident on it (7). Since the al- 
bedo of snow and ice is much different from the albedo of open water, the al- 
bedo of Barrow Strait depends on the concentration of ice, I: 
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Table 1, Incident short-wave radiation, Q, in ly/da and cloud amount, C 
in fraction of sky covered, at Resolute, Mean daily values of insolation 
during 1962, ii) Mean daily solar insolation for 9 or 10 years, with stand- 


ard deviation (tay (iv) The cloud amounts observed in 1962, (v) The nor- 
mal cloud amounts, 
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Table 2, Surface conditions and the albedo, (i) The estimated ice concen- 
tration, I_, in fraction of surface covered, (ii) The number of observations 
from which I_ was estimated, (iii) The concentration of melt water puddles, 
P, as fraction of ice covered, (iv) The albedo for open water extrapolated 
from Budyko's table, (v) The albedo for open water from Anderson's equation 
(9). (vi) The albedo for observed ice concentration from Budyko, (vii) The 
albedo for observed values of P and I_ from Hanson's equation (10). (viii) 

The albedo at Resolute Airport from radiation measurements 1962. (ix) The al- 
bedo from mean radiation data for Resolute Airport, (x) ‘The albedo accepted 
for Barrow Strait, 1962, 
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The ice concentration and the amount of ice covered by melt-water puddles, P 
was estimated for each month (‘able 2) from aerial ice survey charts (Anon., 
1963 b; Black, 1965) using the boundaries of the Barrow Strait region (Fig.4). 
The albedo of open water varies with the altitude of the sun for direct radi- 
ation, while it is almost constant for diffuse radiation, so that A for open 
water depends on cloud as we!l as the altitude of the sun, Anderson (1952) 
developed a formula for the albedo of Lake Hefner in terms of the mean alti- 
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Avera Ree (9) 


where a and b are empirical constants depending on the cloud conditions, The 
albedo for open water in Barrow Strait was obtained (Table 2) from this form- 
ula using a = 0,78 and b = -0,68 for the mean summer cloud conditions at 
Resolute, It was also estimated (Table 2) by extrapolation from a table pre- 
sented by Budyko (1956, p40) which shows A for each month for latitudes up to 
to fal, 


The albedo for snow and ice is also variable but does not seem to 
depend on cloud amount (Langleben, 1966), According to Budyko (1956, p37) 
the albedo for a stable snow cover north of 60° N is Q,80; for an unstable 
snow cover, the albedo is 0,45; the albedo of sea ice is 0,35, Williams (1961) 
estimated the following albedos: for new snow O,8 to 0,9; for old snow 0,6 to 
0.8; for melting snow 0,4 to 0,6 and for ice 0,4 to 0,5, 


Using the estimated ice concentrations, I, Budyko's values of the 
albedo of snow and ice of open water were combined fo give A for each month, 
For October it was assumed that the albedo of the ice was 0,7, as the ice would 
be covered with freshly fallen snow, so the albedo for the strait was A=0,65, 
Hanson (1961) developed a formula for calculating the albedo of puddled ice for 
diffuse incident radiation: 


A= 1, (0.65 - 0,38P) (10) 


This equation should only be used to calculate mean monthly values of the al- 
bedo when there is little direct radiation or when the ice concentration is 
high, 


In winter, the albedo of the strait is about the same as the albedo 
at the airport since both the ice and the ground are covered by several inches 
of snow, The albedo at the airport may be calculated from the measured values 
of Q and Q.. The radiometer measuring G_ receives most of it from a small area, 
several feet in radius. At Resolute, the snow may be several feet deep at one 
place while a nearby area is almost bare so the values of @_|, and therefore of 
the calculated A, may not be representative, A set of "mean" albedos was ob- 
tained (Table 2) from the mean incident and the mean reflected short-wave radi- 
ation data (Anon,, 1966b), The low albedos calculated from the 1962 radiation 
data might seem to indicate less snow than usual, but this was not supported 
by the snow cover data, Even the June 1962 snow cover is not very unusual, 
though the measured albedo is very low, It was decided that the 1962 measured 
albedos could not be taken as representative of Barrow Strait, 


The values accepted for the application of the heat budget of the 
strait for 1962 (Table 2) were derived from the foregoing, The albedos for 
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December to February were taken to be 0,80, For March to May the albedo of 
the ice would be higher than that of land since the latter was probably re- 
duced by drifting, Drifting would have less effect on the albedo of Barrow 
Strait since the albedo of bare ice is much higher than that of bare land, 
For June, Hanson's value was adopted, because much of the radiation was dif- 
fuse and the ice was puddled, Since the water was not completely open in 
July, an albedo of 0,15 was chosen, For August and September, the open water 
values obtained from Budyko's table were adopted, Freeze-up began in October, 
and I_ was 0,9; the albedo was taken to be higher than Hanson's value, as his 
formula does not allow an adjustment for the fresh snow on the ice, In Nov- 
ember the ice cover is complete and covered by fresh snow so A is once again 
Osco, 


5.2.1.3 Absorbed short-wave radiation, 


Q was obtained for 1962 from the incident short-wave radiation 
(Table 1) afid the albedo (Table 2) by (8), it is given here in ly/day: 
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Seas Effective back radiation, Oe 

The effective back radiation is the balance between the long-wave 
radiation from the sea and that from the atmosphere, A variety of empirical 
formulae for estimating @ is found in the literature, and it may be obtain- 
ed from radiation measurements if both the net and the short-wave radiation 
fluxes are measured, Net radiation measurements at Resolute began in late 
1963 so it was possible to calculate Q from Q, Q. and Qh for" 1964 )°1965, “and 
1966, Q was also estimated (Table 3) for these years from a number of empir- 
ical formulae in an attempt to determine which if any was suitable for use at 
Resolute, All calculations were based on monthly means, 


Qh was estimated from a linear formula developed by Laevastu (1960, 
p 43, equation 22) from Lonnqvist (1954) to find the effective back radiation 
under cloudless skies, @,, and Moller's cloudiness factor to give Q@ from 
Ob? Budyko (1956, p 423 presented a table for obtaining Q b and an equation 
(p 42, equation 31) to find Q from Q_,, and the amount of cloud; an alterna- 
tive cloud correction given by Budyko°%1956, p 43, equation 33) was also used, 
Anderson (1952, p 95) gave an empirical formula for Lake Hefner to find Q, in 
terms of cloud height, amount, the humidity and the surface temperature, Since 
mean cloud height data were not readily available for Resolute, his equation 
was used to find @, and Moller's equation was applied to obtain Q, as was 
Budyko's equation (8 Swinbank (1963) found that atmospheric long-wave radia- 
tion from clear skies may be calculated from the screen temperature alone; 
using his estimates of the atmospheric long-wave radiation and Stefan's law for 
the terrestrial radiation Q., was found, It was reduced to Q, by Budyko's 
cloud correction, Leahey (2866) calculated Q from radiosonde data at Mould 
Bay and Yamamoto's (1952) radiation chart, ahs constructed a table to find Q 
from the surface temperature and the cloud amount, The table was used to find 
Q, at Resolute, Q was also obtained from measurements of Q,; Q,. and Q using 
UY Ate equation as Vowinckel (1966): 
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Table 3, Effective back radiation, Q at Resolute, 1964, 1965, and 1966 
in ly/day from (i) Laevastu's and Moller's equations, (ii) Budyko's table 
and his equation (31), (iii) Budyko's table and his equation (33), 

(iv) Anderson's and Moller's equations, (v) Anderson's and Budyko's 


equations, (vi) Swinbank's and Budyko's equations, (vii) Leahey's table, 
and (viii) from the radiation measurements and (11), 
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Since @ is measured from a small area, and since the radiometer measuring Q 
éali > same é : ing G and Q. (Lati 1962; Cham 
is not calibrated the same as those measuring & anc W. Amer , : DP; 
1965) (11) will not give completely accurate results, It is believed that the 
error is less than 20%, 


The values of & estimated from the empirical formulée show a mini- 
mum in summer and a meximum in winter, while Q obtained from (11) shows the 
opposite trend, being largest in summer each year, Because the cloud condi- 
tions in the Arctic Archipelago are much different from those of more temper- 
ate clim.tes (Rae, 1951), and also different from the central Arctic Ocean 
where ice cover persists, it seemed likely that the equations which give Q 
and Q@_, were causing some of the difficulty. If this were true, we would ex- 
pect Better agreement between Wh from (11) and Or from the empirical formulae 
on cloudless days, 


The effective back radiation for cloudless days, \™., was calculated 
for each of the methods above except Hudyko's table, which was not designed 
for the low temperatures observed on most cloudless davs, Cloudless days were 
identified as before (see section 5,2,1.1) and Q was calculated for each date 
(Table 4) by Laevastu's, Swinbank's, and Andersof’s equations, from Leahey's 
table, from the radiation measurements and from the radiosonde data (Anon., 
undated b; d) using Elsasser's radiation diagram (Haltiner and Martin, 1957, 

p 106-124), Laevastu's linear formula fives results that differ from the 
others by a factor of two or three, ‘his supports a statement by Lonnqvist 
(1954, p 279) that a linear formula is probably not valid in situations with 
strong inversions such as usually exist during the Arctic winter; it was de- 
cided that the results from Laevastu's formula are not realistic for Resolute, 


Swinbank's results are consistently higher than the others except 
Laevastu's, The differences between Swinbank's figures and thoseobtained from 
the radiation diagrams are smallest on days when there was a small atmospheric 
temperature inversion or none at all, When there is an inversion, the warm 
layer radiates more strongly than would a layer which is cooler than the sur- 
face so the atmospheric radiation is increased and ©, is decreased, Since 
Swinbank used the surface temperature only, no account is taken of inversions 
and as a result, his values are too high, When there is no inversion as on 
April 19, 1965, his value agrees well with that obtained from the radiation 
diagram, Since inversions are common at HKesolute in winter Swinbank's formula 
should not be used, 


Anderson's values of are the lowest calculated, The only meteor- 
ological parameters used are surface observations so the effects of inversions 
are again neplected, Since his values are lower than those from the radiation 
diagram, we expect the difference to be largest on days when there is no inver- 
sion, This is observed, His values are the lowest estimates of Q@, when there 
is no inversion (April 19, 1965) and when the inversion is weak (March 28, May 
6, May 7, 1966 and March 28, 30, 1964), Thus Anderson's results are not valid 
when there is no inversion, i.e, during most of the summer in the Barrow Strait 
area, and cannot be used in the heat budget caiculations, 


lo obtann @ from Leahey's table the surface temperatures only are 
required, As the tablé is empirical the eftect of inversions at Mould Bay is 
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Table 4, Effective back radiation on cloudless days, Qop, in ly/day, at 
Resolute, (i) From Laevastu, (ii) from Swinbank, (iii) from Anderson, 
(iv) from Leahey's table, (v) from the radiation measurements and (11), 
(vi) from the radiosonde data and Elsasser's diagram, 
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Date heck 59 pam Gs Gy ROHS) ERECT) 
1964 Mar 8 303 LO 98 138 215 101 
28 204, 168 96 134 129 165 
30 293 ny 4 101 141 105 LF 4 
Apr. 522 278 176 108 152 113 
Nov 15 269 175 107 150 120 116 
16 300 174 105 147 101 149 
Dec 16 270 ro 105 147 100 130 
1965 Mar 10 | 296 169 a7 136 74 £35 
£9 298 165 92 130 82 147 
20 329 165 onl 128 88 126 
24 293 ik7t 100 140 Py 108 
Apr 3 297 ifh 100 141 105 128 
4 276 bah) 114 158 118 149 
2 293 179 Fi5 160 104 154 
19 267 181 119 166 149 72 
Dec 19 315 168 95 i325 98 114 
1966 Feb 23 308 169 oF, 136 98 eal 
Mar y 286 174 105 147 98 106 
6 158 84 88 91 
28 2)? Lo, 110 154 153 143 
May 6 242 182 122 169 130 150 
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implicit, As there seem to be fewer inversions in summer at Resolute than at 
Mould Bay the table is not necessarily valid for Resolute, 


The last column (Table 4) gives Q as calculated from the radiosonde 
soneae ; ; b ; : 

data and Elsasser's radiation diagram, Alt Rough soundings were taken twice a 
day at OO CMT and 12 GMT, only one was used in most of the calculations, For 
March 28, 1964, calculations were made using the data from both soundings; for 
one Q, was 196 ly/day and for the other it was 134 ly/day. This shows how 
variable the atmospheric radiation is and gives a measure of the reliability 
of using only one sounding, It is not known whether the value of Q, obtained 
from the radiosonde data and the radiation diagram is more or less accurate 
than Q ob obtained from the radiation measurements, 


The effective back radiation may be reduced by the long-wave radia- 
tion from cloud, If the cloud layer is thick enough it radiates as an almost 
perfect black body, so the long-wave radiation from the cloud and therefore Q 
depends on cloud thickness and temperature as well as on the amount, It seems 
that the error in estimating the radiation from clouds, and thus the error in 
obtaining Q from QQ, will be larger than the error in calculating Q. from the 
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As indicated earlier, net radiation measurements are not available 
for 1962, so (11) could not be used to estimate Q. Although radiosonde data 
are available, they were not used to find Q, since there seems no good way to 
find Q, from Oop: It was decided to estimate Q, for 1962 by the use of a new 
empirical formota, Its form is not based on physical considerations - it is 
strictly empirical and applicable only to Resolute, The form is similar to 
that of the equation used by Anderson (1952) because the calculations from his 
equation were closest to the measured values, The second factor is the cloud- 
iness correction used by Budyko (1956), The equation is: 


Q,= 1,141 x lo ei o: (a+ be,) (1 - 0,82C*) (12) 


where e. is the sea surface temperature in os at eis the water vapour pressure 
in the atmosphere in millibars (mb) and C is the°cloud amount in fraction of 
sky covered, For each month from January 1964 to November 1966 Qh» Q , e. and 
C were known, By the method of least squares, a and b were determined: 7 


a= 0,191 


b = 0,0369 


Using these values, Q'S were determined from the meteorological data observed 
at Resolute Airport: 
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From comparison with the measured values of Table 3, the standard 
deviation was found to be 15, while the largest absolute error was 31 ly/day, 
In six cases out of 31 the difference between calculated and measured values 
was greater than 20 ly/day. ‘This is better than any set of calculated values 
in Table 3, 


To obtain Q for Barrow Strait in 1962, (12) was applied to the 
meteorological data adjusted to the strait, We assumed conditions over the 
strait to be the same as at the airport during the winter, In summer, the sea 
surface temperature will be lower than the screen level temperature measured 
at the airport, We assume the cloud amount will be the same over the strait 
as over the observing station, It is believed that the error in the back rad- 
jation arising trom the assumption that the relative humidity over the strait 
is the same as at the airport, will be small, The effective back radiation in 
ly/day calculated for Barrow Strait in 1962 is then: 


See as The net radiation balance o 


The estimates of the long-wave and short-wave radiative terms were 
combined to give the net radiation, Q, (1). @ for Barrow Strait in 1962 is 
shown in Fig, 8 and is given here in ly/day: 
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Also shown are the three-year means* of at Resolute and the standard devia- 
tions (Anon,, 1966b), The estimates of Q for 1962 seem to be of approximately 
the right magnitude, The value of & for July 1962 reflects the higher than 
normal value of Q due to the low enous, of cloud that month, The total net 
radiation for 1962, /@ dt is 12,2 x 10° ly, Annual values at Resolute Airport 
were calculated for each year that OQ. was measured, ** 


% The means were recalculated at the end of 1967 (Anon,, 1967c) to give the 
four-year means and standard deviations: 
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Svev io 2 5 86.7 8.9 33.5 37.7 46.7 9.3.9.0 7.7 13,8122 


Te ee... 
*##The 1967 data became available when work on the Appendix was almost completed, 
The total net radiation at Resolute in 1967 was 7.3 x 101y, which is within 
the range of the values for the three previous years, 
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ete ag The radiation balance showing the short-wave incident 
radiation, the absorbed short-wave radiation, the effect- 
ive back radiation and the net radiation, 
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The radiation balance for each year is positive, Its magnitude appears to be 
quite variable, being twice as large in 1964 and 1965 as in 1966, The radia- 
tion balance obtained for Barrow Strait, 1962 is higher than any observed at 
the airport, 


5.3 Evaluation of the turbulent flux terms 


The sensible and latent heat fluxes are more uncertain than the 
radiative terms, Neither can be measured directly, so they must be calculated 
from other parameters, The best method to find the sensible heat flux (Badgley, 
1961) is to measure near surface gradients of wind speed and temperature, To 
find the heat loss by evaporation the near-surface vertical gradient of water 
vapour should also be known, Although radiosonde data are available for Resolute, 
they are not sufficient to yield near-surface gradients so the turbulent fluxes 
must be estimated by empirical methods, 


5.3.1 Heat of evaporation, W 


The rate of evaporation depends on the water vapour pressure in the 
air and the rate at which the air is mixed, Mixing depends on the turbulence 
of the air, which is a function of wind speed, and on the presence of convec— 
tion, Laevastu (1960) revised Rohwer's formula to give daily estimates of the 
evaporation; he gave two formulae, one to be used when convection occurs and 
the other to be used when it does not, i,e, when the water is colder than the 
air, The amount of evaporation is often calculated from climatic data by the 
Sverdrup formula (Walmsley, 1966): 


ih eee ( m= 
E=k (e. eV . (13) 


where E is the amount of water evaporated in mm/day; k is an empirical constant 
equal to 0,145; V is the wind speed in m/sec ; e is the saturation water vapour 
pressure in mb at the sea surface temperature and o7 is the water vapour pres- 

sure in the atmosphere, 


For most of August and part of September, 1962, daily weather obser- 
vations were made on CSS "Baffin", The data were used to calculate the evapor- 
ation on a daily basis with both Laevastu's and Sverdrup's formulae, When the 
values for August were averaged, the difference between the two methods was 
small - from Laevastu's formulae E was 0,20 mm/day , and from Sverdrup's equa- 
tion it was 0,19 mm/day, Although agreement between the two estimates for the 
first eight days of September (1,08 and 1,51 mm/day respectively) was less, it 
seemed that (13) gives reasonable estimates of the evaporation from the climatic 
data, 


Monthly estimates of E were made from the mean meteorological data 
observed at Resolute, These data were adjusted to give estimates of the para- 


a 


meters over Barrow Strait both for open water and for a complete ice cover, 
It was assumed that the air temperature T_, was the same as at the airport, 
The surface temperature, T_, is written as T. for an ice surface, T. was ob- 

3 ‘ ; i: 
tained from T_ by applying corrections presented by Vowinckel and Orvig (1964) 
whenever T =< O°C; when T => O°C it was assumed that T. = 0.0°C, Since it 
did not seém possible to estimate the water surface temperature, Tw, from the 
observations from "Baffin" it was assumed that for June and September, Tw = 
0,0°C; for July and August, Tw= 1,0°C; and for October Tw= -1,0°C, The 
relative humidity U_, over the strait was assumed to be the same as at the 
airport; since it was not measured during January and February an estimate was 
made, The vapour pressures over ice (e.) and water (e_) were found from the 
temperature and humidity data (Table 5 Wind speed measurements are published 
in the Monthly Record (Anon., undated, c), Then E was found for complete ice 
cover (E.) and for completely open water (EF ). w.., the heat of evaporation 
from ice, and Q_, the heat of evaporation From water, were estimated from Ee 
and Oe and combined according to the ice concentration data to give Wee 


The monthly values of. Q, were multiplied by the number of days in 
each Se and summed to give /Q dt for 1962, Its value was found to be 
5.1 x 10° ly. Since the heat of vaporization is about 600 cal/gm, the net 
evaporation from Barrow Strait in 1962 was about 8.5 cm, Barber (1967) esti- 
mated the evaporation from Hudson Hay to be about 20 em/year, Estimates of 
the evaporation over the polar ocean range from to 8 cm/year (Mosby, 1963; 
Vowinckel and Taylor, 1964) so the estimate of 8,5 cm/year for Barrow Strait 
seems reasonable, 


5.3.2 Sensible heat flux, Q, 
The sensible heat flux at the surface may be either upward or down- 
ward, depending on the vertical temperature gradient, Although the radio- 
sonde data may be used to estimate the gradient in the atmosphere they are 
not sufficiently detailed to calculate the sensible heat flux at the surface, 
When the temperature is known at two levels, one of which is the surface, Q 
may be estimated from empirical formulae, [During summer, both sea and air 
temperatures are available, In winter, only the air temperature is measured, 


During the winter the heat loss at the surface is met largely by 
growth and cooling of the ice cover, Lewis (1967) calculated the heat flow 
through winter ice in terms of the temperature difference across the ice sheet, 
its conductivity and its thickness, Neglecting the snow cover, the average 
heat flow through the ice in January 1962 was estimated to be 165 ly/day up- 
ward, The effective back radiation was about 70 ly/day, This would leave 
about 90 ly/day to be given off as upward sensible heat flux, If it is as- 
sumed that the snow cover maintained the ice surface at 10C° higher than the 
air temperature the sensible heat flux at the surface would be estimated at 
40 ly/day upward, However, it is apparent from the radiosonde data that an 
atmospheric temperature inversion existed so Q must have been downward, There- 
fore, Lewis' estimate of the heat flux cannot oe used here, perhaps because not 
enough is known about the influence of a snow cover, 


Empirical formulae may be used to estimate Q from the air tempera- 
ture, the surface temperature and the wind speed, Estimates of the surface 
temperature were made previously (Table 5), Laevastu (1960) developed two 
equations for estimating daily values of Wh? one to be used when convection 
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Table 5. Evaluation of the latent heat flux due to evaporation, (i) Mean air 
temperature in C, (ii) Mean surface temperature in “C, (a) for open water; 
(b) for a complete ice cover, (iii) The relative humidity in percent, (iv) 
The difference between the water vapour pressure in the air and at the surface, 

a) for open water; and (b) for a complete ice cover, (v) The wind speed, in 
m/sec, (vi) iivaporation in mmn/day, (a) from open water; (b) from ice, (vii) 
The latent heat flux in ly/day (a) from open water; (b) from ice, (viii) The 
latent heat flux in ly/day for observed ice and puddling condition, 
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occurs (T_> T_), and the other when it does not it = T ), Vowinckel and 
Taylor (1964) tised two empirical formulae developed by Shuleikin, The two 

sets of equations agree quite well for upward sensible heat flux but for the 
downward flux Laevastu's estimate is seven times greater than Shuleikin's, 
Estimates of Q, were made for each month using both sets of equations (Table 6), 
Calculations were carried out separately for open water and for complete ice 
cover, These estimates were combined using the ice concentration data (Table 
2). Both methods were also used with the daily temperature data observed from 
"Baffin" during August and the first week of September, For August, the mean 
value of Q was estimated to be 2 ly/day upward with Shuleikin's formulae and 
19 ly/day with Laevastu's, In September Q was usually upward, so agreement 
between the estimates was better: 22 and By ly/day up respectively, These are 
the means for the first eight days of September; Q increased during the rest 
of the month since T, drops more rapidly than Ty The Bowen ratio (Anderson, 
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Table 6, Sensible heat flux, Barrow Strait, TOG2 Pat) og aes cnt me See 
(ii) Ty, - Tg in C’. Q, for open water from Laevastu's (iii) and 
Shuleikin's formulae (iv). Qh for a complete ice cover from Laevastu 
(v) and Shuleikin (vi). Q, in ly/day for the observed ice concentration 
from Laevastu (vii) and Shuleikin (viii). 
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1952) was used to estimate \ for September from the evaporation, The result 
(140 ly/day) agrees quite well with the estimates obtained for open water from 
Shuleikin's and Laevastu's formulae using the monthly mean temperature data, 


The estimates of , adopted in this heat budget are those obtained 
from Shuleikin's formulae, ‘a is thought that Laevastu's values are over- 
estimates, since @ is usually small compared to the radiative terms (Langleben, 
1966; Badgley, 1962), Both sets of Q were integrated for the year, From 
Laevastu's AD pol nna dt) = els #93 3ly and from Shuleikin's the integral 
Zs Fontes 103 1y, Shuleikin's estimates seem preferable because the only large 
estimate of Q is in September when the open water is cooling rapidly. The ice 
and snow cover acts as an efficient insulator between the air and the water, so 
(, should be small in. winter, During the summer the air-sea temperature dif- 
erences are small so the sensible heat flux would be small, 


2.3.3 The turbulent flux balance, Cy 


The sensible and latent hezt fluxes Pe and , were summed (2) to give 
to total turbulent flux, u, in ly/day; 
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The turbulent flux terms Wes Q and are shown in Fig, 9, 


The total turbulent heat flux Lsppyee & 10? ly for 1962, This is 
less than the radiative flux (12,2 x 10° ly) but of the same order of magnitude, 
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a a J The turbulent heat fluxes showing the sensible heat flux, 
the heat of evaporation and the total turbulent heat flux, 


TOTAL HEAT TRANSFER 
ACROSS AIR - SEA BOUNDARY 
BARROW STRAIT, 1962 
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Bie. MLO! The total heat transfer across the air-sea boundary, also 
showing the net radiative and net turbulent fluxes, 


5.4 The total transport of heat across the air-sea boundary, Qe 


The net radiative flux, Q., (p. 31) and the net turbulent flux Q, 
(p. 36) combine (3) to give the total heat input through the air-sea boundary, 


Gp, in ly/day. 
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Qn and its components, wane Q are shown in Fig, 10.- Negative values of G,, 
imply a flux from the water to the air; positive values are a gain to the 
water, In 1962 energy gains to the strait occurred across the air-sea bound- 
ary from Mav to August and were maximum in July. In each of the other months, 
heat was lost to the atmosphere, the greatest occurring in September, The 
total transport through the air-sea boundary, LG. dt. was 3-0 x 107% ly down- 
ward and is a gain to the region, ‘the integral of the absolute values of Q,, 
is 45.3 x 102 ly for the year, The net gain is about 7% of this and may be 
less than the errog which is difficult to estimate but is probably at least 
10%, Dep oro by: 


5.5 Heat storage, Q 
epee Eee Wh Se De 


Although measurements of ice thickness were available for Resolute 
Bay (Anon, 1962; 1963 a) not enough was known about the ice to calculate mean 
monthly values of the heat storase in the ice Q., In the summer months there 
is no ice cover, and heat storage occurs only in water, According to Tabata 
(1964) the rate of change of heat storage may be calculated from its tempera- 
ture depth profile, CCGS "John A, MacDonald" carried out a programme of ocean- 
ographic observations in the Arctic in 1962 which included a number of stations 
in Barrow Strait, At most of these stations the temperature was observed by a 
bathythermograph and by reversing thermometers at standard depths, Temperature 
observations were also obtained six times at a station off Assistance bay ** 
by a land based party (Anon,, 1963 c), The temperature data were used to ob- 
tain the temperature depth profiles, The initial condition at each station 
was assumed to be the same as that observed through the ice in late winter, 
1959 (Milne, 1960), 


The heat storage to the bottom was calculated (Table 7) for each 
station occupied on August 7 or 8, It was generally lower in the southern 
portion of the strait (Fig. 11). The lowest is at station 11 where the water 
is also more saline between 10 and 75 meters than at the other stations in the 
vicinity. It is possible that upwelling occurs here, so that the warm surface 
water is advected away from this position, The heat storage shows large vgri- 
ations with location; it ranges from 5 x 10? ly (at. station iid, to 12's 16 “iy 
(station 12), The low values may reflect a lingering of ice, Or 1¢é, impor, 
or advection of cool water; the higher values imply early removal of the ice 
cover or advection of warm water into the locality, It is thought that some 
of the heat in the northern portion of Barrow Strait was advected from McDougall 
Sound and Wellington Channel, Penny Strait usually has open water earlier than 
Barrow Strait (Lindsay, 1968, p 4) so heating begins early in this area, Since 
the flow through Penny Strait, Wellington Channel and McDougall Sound is pre- 


* This value would be 9,8 x 102 ly if Laevastu's estimates of the sensible 


heat flux had been used instead of Shuleikin's, This surplus seems too large 
at such a high latitude and supports rejection of the use of Laevastu's equa- 
tions for Qh 


** In the data. record (Anon,, 1963 c) this is referred to as Allen Bay, fxam- 
ination of the position data and Canadian Hydrographic Service Chart 7056 shows 
it to be Assistance Bay, 
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Table 7, Heat storage to the bottom in Barrow Strait, 1962 calculated from 


observations on August 7 and August 8, 1962, (i) Consecutive station number, 


(ii) the depth in meters, (iii) the heat storage in units of 10? Ve, 


(i) (ii) (iii) 
8 | 137 Bal 
9 300 mp) 
10 NEA Lb a7, 
ll 157 5,0 
iw 32 A a | 
1 Lik? 19 
1h Lede 1 ee 
ds 194, ooh 
16 205 vows’ 
17 ane 6.3 
18 207 8,6 
ay 138 8.6 
20 143 IN ie 
od Se 6,6 
22 24,3 Deer 
as 2 10.0 


we 
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ee 
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r 
Pie. late, The heat storage on August 7-8, 1962 in Barrow otralit 


calculated from temperature data of the "John A,MacDonald" 
stations 8-2? and of the land basec station in Assistance 


aa 
1962 

BARROW STRAIT 
HEAT STORAGE (10° ly) 


= 3 GA 
eontoury tutervals 5S x LO” Ly’ 
Consecutive station numbers in italics 


Ds 


Mav, 


-40 - 
dominantly southward, some of the warm water is advected into Barrow Strait, 


It is possible to study the increase of heat storage with time at 

the station occupied on six occasions off Assistance Bay (Table 8), The depths 
show that observations were not made at exactly the same place, It is believed 
that the difference in heat storage due to the location are small compared to 
those due to the time between observations, The heat storage observed on June 
28, 1962 in Assistance bay is two thirds of the total surface energy exchange 
estimated for June, Assuming Q is zero and that each day Q, is equal to its 
monthly mean, we concluded there was open water in this area on and after June 
@, Black (1965, his figure 8) shows this area to have open water as early as 
June 21, The ice must have been transported out of the area, since there was 
not enough heat input to melt all of it (assuming that it was the same thick- 
ness as in Resolute Bay, i.e, 165 cm), Between June 28 and July 13 there was 
only a small increase in heat storage, It is possible that ice drifted in and 
melted but it is also possible that the low heat storage and the increase in 
the fresh water content observed* were due to advection of water, 


Table & Change of heat storage with time, Barrow Strait, 1962, Heat storage 
calculations are based on observations made off Assistance Bay at 74 36'N, 
92° 13’W, by a land based party, (i) The consecutive station number, (ii) the 
date of occupation, (iii) the heat storage calculated from the serial tempera- 


ture observations in units of 10° ly, (iv) the depth (m) at each station, 


(i) (ii) (iii) (iv) 
1 June 28 4.8 22 
2 July 6 Dae ‘52 
4 July 13 6,0 62 
5 July 25 10,6 60 
6 August 7 ‘ Th. 3 ae 
af August 14 25,7 41 
Since the estimates of Q, are based on monthly means, it is probably 


better to consider the heat storagé during a whols month, Between July 6 and 
August 7 the increase in hgat storage is 9,3 x 10°ly; for the same period 

JQ, dt is about 10,3.x 10° ly, Uf the estimates of Q, are,realistic for 
Assistance Bay, then from integrating (6) a ea dt = -l1 x 10? ly in this area 
in that month, This implies that warm water was advected out of this region 
or that ice moved into the area, It is possible that the time series stations 
are not representative of Barrow Strait and that as is much different in the 
main body of the strait, : 


The heat storage Q, could be estimated only for July and Part of 
June and August, and no estimates of Q; were made, so no monthly estimates of 
the heat storage Q, could be made, 


* Between June 28 and July 6 the fresh water content (Barber, 19675ape 32) 
using 33.8%. as the base salinity increased from 1,6 m to 1.8 m; on July 13 
it was 2,2 m, a 
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5.6 Heat of advection, Q, 
Since it was not possible to obtain monthly values for Q. » no monthly 
estimates of \ can be found as the residue in the heat balance equation (CSHk 
Over the course of a year, there is no net heat storage in the surface mixed 
layer, since this is at the freezing point at both the beginning and the end 
of the year, It is possible for the depth of the mixed layer to vary from year 
to year, and some heat storage could result, It is believed that this contri- 
bution would be small and may be neglected, Variations from year to year in 
the thickness of the ice cover, and hence of Ws must also be small since no 
large net long-term changes are observed, 


The heat budget equation for the year is just the integral of equa- 


tion (5): 
f% at + fa, dt - fa, dt=o. 
Since the third term is negligible 


Ja a= ~fay at 


which is approximately -3.0 x 10° i ehOiedIO2,, Q, was defined to be positive 
when it is a net gain to the region, Since it is negative, advection removes 
heat from the region, i.e. water flowing through Barrow Strait was heated in 
1962, The net advected heat for the year is small; it is within the error 
estimate of the surface energy flux, For this reason it is dangerous to at- 
tach too much significance to either the numerical value or the sign of fQ, dt, 


Because 1962 was an unusually open ice year (Anon,, 1963 b; Lindsay, 
1968) it seems likely that the value for the absorbed short-wave radiation was 
higher than normal, The low amount of ice would also enhance evaporation and 
sensible heat flux from the sea to the atmosphere, As the increased radiative 
and turbulent fluxes are in opposite directions it is believed that Or dt is 
usually small and positive, 
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5.7 Glossary of symbols 


Because of the large number of symbols used, they are listed here in 
alphabetical order for convenience and clarity, All heat fluxes are given in 
ly/day. 


A: the albedo of a surface, defined to-be the ratio of the 
reflected to the incident radiation, 


a: .an empirical constant. 
b: an empirical constant. 
C: the amount of cloud given as the fraction of sky covered, 
E: the amount of evaporation from the sea surface in mm/day, 
KE 2 the amount of evaporation from an ice surface in mm/day, 
Ff : the amount of evaporation from open water in mm/day, 
e,: the water vapour pressure of the air at screen level in mb, 
é.:° the saturation vapour*presstire over tee, inimb, 


e : the saturation vapour pressure at the temperature of the 
surface, either water or ice,in mb, 


Qe: the saturation vapour pressure over open water in mb, 
th: mean altitude of the sun, 
Ti: the ice concentration as fraction of surface covered, 


kK: an empirical constant, 


Fe the concentration of puddles of melt water on the sea ice as 
the fraction of ice covered, 


re 


incident short-wave radiation from sun and sky, 


@ : the short-wave radiation absorbed at the sea surface, 


a 
OQ the effective back radiation from the sea surface, 
WF the upward flux of latent heat through evaporation, 


q@ .: the flux of latent heat by sublimation from an ice surface, 
: the flux of latent heat by evaporation from open water; 


Q : the upward sensible heat. flux, by turbulent conductior and 
convection, 


So 


Sia the amount of heat stored in the ice, 
iss the net radiation, 
Ge the mean net radiation, 


Gens the short-wave radiation from sun and sky incident at the 
surface on cloudless days, 


Q ,: the effective back radiation on cloudless days, 

ie the short-wave radiation reflected at the surface, 

ute the heat stored in the ice end water, 

the total turbulent heat flux from the sea to the atmosphere, 
in 3 the PORES: 10 5G is of heat across the air-sea boundary. 

Vs the storage of sensible heat in the water, 

ae the heat brought in through advection, 


‘ie temperature of the air at screen level, in co. 


5; me Os 
T,: Suriace wenperatvure of tie: ice in, C, 

: O 
cee sea surface temperature,in C, 
m re 
ty temperature of the water at the sea surface,in UC, 


Gas Lemperature of the sea surface, in ate 
ue: relative humidity of the air at screen level, in percent, 


V: the wind speed, in m/sec, 
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FOREWORD 


The present report provides additional 
information on the computer programs used in 
the analysis of limnological data described 
by the author in Manuscript Report Number 10: 
Structure, Dynamics and Chemistry of Lake 
Ontario; Investigations Based on Monitor Cruises 
in 1966 and 1967. Computational techniques 
are described in more detail than was possible 
in the earlier report and program listings, 
clarified with comment statements, are 
reproduced. The report, however, is not 
intended to serve as a complete documentation 
of these programs; it only presents a general 
description of their scientific aspects and 
applicability. 
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ABSTRACT 


Description of three programs, written in Fortran 
IV for a CDC 3100 computer, designed to calculate means, 
standard deviations, standard errors and other statistics of 
various limnological parameters. STATISTICS I gives 
weighted cruise-mean values, cruise-mean epilimnion and 
hypolimnion values, tabulations of the relation between 
temperature and other parameters, and near-bottom means. 
STATISTICS II is especially designed to study regional 
anomalies in the distribution of any parameter. STATISTICS 
III is a more specialized program analysing the variability in 
a set of data in terms of random and systematic components. 
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INTRODUCTION 


inwnecent searsed. large .volume.of <Limnologi.cak. data 
has been sampled on the Great Lakes by the Canada Centre for 
Inland Waters in cooperation with various other agencies. [In an 
erfort. to pfacilitate analysis of; these,datai-the author developed 
a number of computer programs written in Fortran IV for use on 
the CDC 3100 computer of the Department of Energy, Mines and 
Pesources..-lLhree, of. these: programs,,...called: STATISTICS I, II and 
Hii, Wwidl, be. described. in some, detail. in; this, report.;,, They have 
been especially designed to cope with data from monitor-type of 
Operations, in which a set of standard stations distributed 
evenly over the lake is revisited at regular intervals and 
sampled at a fixed number of standard depths. The data are 
grouped in various ways, and the means, standard deviations and 
Standard errors of such parameters as temperature, specific 
conductance, pH, etc. are calculated for these groups. 

Extensive use has been made of the programs described herein to 
study data sampled in Lake Ontario during the 1966 and 1967 
field seasons (Sweers, 1969). Some of these applications are 
briefly outlined under the appropriate heading in the program 
descriptions. 

All data are coded in accordance with the STAR system, 
developed by the Canadian Oceanographic Data Centre (provisional 
description in Glennie etnoalo, 1967), and are stored on magnetic 
tape. The stations are numbered consecutively on each cruise, 
but for purpose of the present programs they have also been 


assigned so called standard station numbers. Fora series ot 


monitor cruises, in which the same locations are visited 
repeatedly, the planned station positions are numbered, and 
this standard number is assigned to any station taken at or 
near the planned position, regardless of its consecutive 
number. This information is, together with the weighting 
factors defined in the description of STATISTICS I and the 
consecutive station numbers, stored on a special tape, called 
the "editor" tape. 

The first two programs contain two subroutines to read 
and interpret the data tape (designated as GLSP file in the 
program listing), which returns the data requested by means of 
Special control cards preceding the program. All data from 
non-standard stations are rejected and information from the 
standard stations specified on the editor tape is stored ina 
matrix in sequence of the corresponding standard station 
numbers. These tape reading and interpretation subroutines, 
RETRIEVE and TRNSLATE, will probably be discussed in more detail 
in a future report on the STAR system; a basic description of 
their functions is given in Appendix A. 

In the next chapters the purpose of each of the three 
programs will be defined, some possible applications discussed 
and the computational procedures outlined. Their listings, 
including many comment statements to facilitate understanding, 
are given in the appendices. In studying the listings it should 
be noted, however, that no special effort has been made to 
optimise the programs with respect to the use of computer time, 


and that they have been developed over a period of time and thus 


ie 


may contain ‘sections not essential to their*functioning or 
adaptated cospanticular jpreblems. fhe. listings therefore are 
presented only to serve as an illustration. 

The frequency distribution of values of any parameter 
sampled at a series of monitor stations is determined by random 
errors in the measurements, natural random fluctuations in the 
water and geographical or temporal effects. The distribution 
therefore does not necessarily correspond to a Gaussian random 
population, and a study of this must be made before standard 
deviations and standard errors of the mean, calculated in the 


programs, can be interpreted in terms of confidence limits. 
SrArtoracs” I 


Purpose 

1. To calculate the weighted cruise-mean vertical 
distribution of a parameter P and its standard deviation and 
standard error of the mean at different depths. 

2. To study the relation between the concentration 
of a parameter P and temperature T. A two dimensional plot of 
T versus P of the individual samples is made, and the mean, 
standard deviation and standard error of the mean of P for 
various temperature intervals are computed. 

3. To indicate changes in the value of a parameter 


P near the bottom. 


Applications 
1. To study seasonal variations in the lake-mean 


profile of a parameter. 


2. To compare lake-mean profiles of various 
Deramecers. 

3. To study the relation between P and temperature, 
or the differences in the mean values of P in different water 
masses defined by temperature limits. 

4,. To study variations of © with depth close to the 
bottom. 

5. To study changes in the variability of P in 
different water masses, at different depths, or at different 


times. 


Calculations 

1. Each standard station is assigned a weighting 
factor Wj proportional to the area for which a measurement at 
that location can be considered to be eer eenesT ee the sum 
of all weighting factors is proportional to the total area of 


the lake: 


where sl is the total number of Standard stations. This 
information is also stored on the "editor" tape, and is used 


to calculate weighted means. 


aa Sie = 


* = 
2. For-each standard depth the mean, P, weighted 
mean, M, standard deviation, S, and standard error of the mean, 


E, are calculated: 


eae Ste: | : Wain. (1a) 
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where j is the station number, _f the total number of stations, 
W, the weight factor of station j, and k = 1, 2,...... pak) an 
gmdexsdesigqnating the WepihnsiZ7 , 29 cee ROK INO LALCEMpPE SUS 
made to use the concept of weighted data in calculating other 
statistics but the mean. This may, depending on the station 
configuration, complicate interpretation of the results, but 
for a regular distribution of the stations the results are 
satisfactory. If desired, however, the standard deviation and 


standard error can also be computed for the weighted data: 


: 
In the sample listing the standard depths used are 1, 10, 20, 
30, 50, 75, 100, 150, 200 metres, and values are accepted as 
measured at a standard depth if the sampling depth is within l, 
ieee 5, 3; Dd, 20, LO, 10 metres respectively of the standard 
depths specified. These depths and intervals are defined in 
subroutine RETRIEVE. 


= |. Wt be eee (20) 


fe (2b) 


These approximate equations can be derived by assuming each 
observation to consist of a cluster of Mj; identical observations, 
where M; is proportional to the weighting factor W;. The 
results of equations 2, however, can only be expected to improve 
upon those of the equations 1 if the variability in the data is 
caused by geographical factors. In this case, however, the 
standard deviation and standard error of the mean cannot be 
interpreted in terms of confidence limits. If the variability 
is largely determined by random variations in the water or by 
sampling and analysis errors, use of the equations 2 cannot be 
recommended, and in the limiting case of a purely Gaussian 
random distribution the equations 1 should be used if the 
calculated statistics are to be related to confidence limits. 

3. For each cruise a two-way table is set up showing 
the distribution of Psk over a number of temperature intervals. 
This can be interpreted as a scatter diagram of points (Pike 
T3k), where Tk is the temperature at a station j and depth k, 
or as a bivariate frequency diagram of the parameter P versus a 


number of temperature classes. Using equations similar to 


equation 1 above, the means, standard deviations and standard 
errors of the mean are calculated for data within each 
temperature interval and for the epilimnion (temperature 311°C). 
and hypolimnion (temperature between 3.0 and 5.0°C) data 
respectively. 

4. The equations 1 are also applied to monitor 
station data sampled less than 10 metres above the bottom. 
These observations are split into four groups: bottom depth 
less or more than’45 metres, and deepest and second deepest 
sample for any station, called BSHALLOW, BDEEP, BBSHALLOW and 
BBDEEP respectively in the output. 

5. The percentage saturation of oxygen is calculated 


from the temperature T and the absolute oxygen concentration C: 


Ax € 
1423800 = 0.4105ex:7T + 8.8 x 1073 x mp2 re A aS pal 1072 x T3 


SAT O93 = 
where A = 100 at sea level and 98.8 at 80 metres above sea 
level, which corresponds to surface elevation of Lake Ontario 


(Dobson, 1968). 


input 

i Data iieGLoPe Format on: tape. 

2. Editor tape to select desired stations from the 
GLSP tape, to renumber the stations using standard station 
numbers, and to assign weighting factors to the stations (see 


Statement BOb of the main program for format of tape). 
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3. Control cards to determine cruises, parameters 
and depths to be read (see description of the subroutine 


RETRIEVE, Appendix A). 
Oucput (See sample injFig. 1. 
STALLISLICS. LI 


Purpose 

After rejecting the values of a parameter P outside 
prespecified limits the following statistics are calculated 
for each standard depth, using unweighted data: 

1. The cruise-mean value and standard deviation of P. 

2. the station-mean value and standard deviation of 
P using data from a series of monitor cruises. 

3. The overall mean value and standard deviation of 
P using data from all stations and monitor cruises. 

4. The relative deviation of individual observations 
from the cruise-mean value for the same depth, expressed in 
fractions of the overall standard deviation. wee Statist rc 
allows a direct intercomparison of anomalies in the individual 


observations taken at any station or cruise. 


Applications 
1. The program is designed to give an indication of 


the persistency of local or régional deviations from the 


LR 


* . . 
A separate program has been developed to list rejected values 


for the purpose of quality control; this will not be described 
in the present report. 


— io 


lake-mean value of a parameter at any particular depth by 
comparing the results from subsequent monitor cruises. It can 
also give an indication of local variations in the cruise-to- 
cruise variability of the data. 

2..° The .program can. alternately, be used ‘to tind 
possible gross errors in unscreened data, if the check on 
whether a parameter falls within a predefined interval is 
omitted. A comparison of deviations at any one station for 
subsequent cruises can then show whether anomalous values 
occur in a regular pattern, suggesting a natural cause, or in 


an apparently random pattern, indicating possible gross errors. 


Calculations 

1. Values of P are rejected if they fall outside the 
range’ (Py,,"P>), where’ Py) and’ ‘Pp correspond "to he range ‘of 
calibration of the analytical technique used, or to some other, 
arbitrarily chosen, outer limits of credibility. The values 
P, and P92 ‘are’’read in’from ‘control’ cards. 

2. For each standard depth the cruise-mean value 
and standard deviation, and the station-mean value and standard 
deviation, are calculated using the equations lb and lc. In the 
latter case the station index j must be replaced by the cruise 


index i, i= 1,......1I1, where I is the total number of cruises. 


® 
See footnote on page 5. 


ay 


3. The overall mean value P, of Pidk at a depth Z, 
is calculated by averaging its cruise-mean values; the overall 


standard deviation SD, by: 


= I 2 fa 
ob a > oD; (3a) 


where SD, is the standard deviation for cruise i and depth Zs 
and I the total number of cruises (Croxton and Cowden, 1962). 
This equation gives an approximation of the overall standard 
deviation, provided that a roughly equal number of stations is 
sampled at each cruise. 


#7. & *Thevrespective deviations RDys, of findividual 


j 


observations are defined by: 


Pir Sy 
116 shale EEN ated (3b) 
ijk —— 
S.Dx 
where P. is an observation of the parameter P at cruise i, 


EK 
station j and depth Z,, and where Pix is the unweighted mean of 
Pi5k for a particular cruise i and depth Z,. In connection with 
this equation two points must be made: 

(a) The cruise-mean value of a parameter may vary 
with time due to natural processes (for example seasonal 
changes), which do not necessarily affect the magnitude of 


natural geographical variations within the cruise. The 


variability of data sampled on different cruises thus may be 


1 


similar even if their cruise-mean values differ significantly. 
In equation 3a it is therefore assumed that data from various 
cruises can be considered as subsamples taken from equally 
many parent populations with the same true standard deviations 
but differing true means (true is used versus observed to 
indicate the hypothetical mean of the overall population whicnh, 
of course, can only be approximated by measurements but never 
measured directly). Calculations of relative deviations by 
comparing individual observations with the overall mean 
(replacing Bit in equation 3a by Py) may systematically over- 
estimate the deviations for some of the cruises, and more 
consistent results are obtained using eee 

(b) The deviation of individual values is expressed 
in relative units by dividing (Pisk - Pix) by the overall 
standard deviation SD, rather than by the cruise-mean standard 


deviation SD, This is done to keep values of RDj4x directly 


k° 
comparable not only within a cruise but also between cruises. 
Input 

1. Data on GLSP format on tape. 

2. Editor tape to select desired stations from the 
GLSP tape and to renumber the stations using standard station 
numbers. (See statement 100 of main program for format of 
tape). 

3. Control cards to determine cruises, parameters and 
depths to be read. (See subroutine RETRIEVE, Appendix A). 

4. Control cards to determine upper and lower limits 


of acceptability of a parameter to be read, and to indicate 
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stations to be processed (format: see statement 750 in main 
program). If, the last four, fields, -1LIM (1) ‘through TLIMs(a) 
are left blank, all standard stations sampled on any cruise 
will be used. If only part of the stations is required, these 
variables can be filled out, but the stations must be grouped 
in one or two continuous blocks of numbers (for example, 1 
through 4 and 10 through 21). No provision is made for a 
random choice of stations to be included. 
5. “Sequence (Of CONELOL Caras: 
(a) range control card 
(b) station control eard 


(c) control cards specified in RETRIEVE 


Output 
See Fig. 2. The columns give deviations of 
individual observations from the cruise mean, relative to the 


summer-mean standard deviation (equations 3a and 3b). 
STALTLOLECS TEL 


Purpose 
To analyse the relative importance of random and 
systematic variability in a set of measurements by means of 


Snedecor's F test, assuming a normally distributed population. 


Applications 
1. To study data sampled within a water mass by 
comparing the variability of the difference between samples 


taken close together in time and/or space with that of the 


5 


population of all samples. This gives an indication of the 
relative importance of variability due to random errors or 
random environmental fluctuations and to slow drifts in the 
measurements or naturally determined geographical or temporal 
effects. 

2. To compare the variability of data sampled in 
different water masses, such as hypolimnion and epilimnion ina 
Seraciried Lake, and to study the relation in time or space’ of 
the observed variabilities in these water masses. 

3. Both techniques have been applied with success 
to estimate the magnitude of sampling errors occurring in 
specific conductance and chloride data collected on Lake Ontario 


in 1966 and 1967 (Sweers, 1969). 


Cabtculations 
1. For each standard depth, Z,, the mean, De 

standard deviation, Sher and standard error Of “the méan, E,., age 
calculated as in equations lb, lc and ld. These statistics are 
compared with the mean, PL /k2 standard deviation, S,1/k2, 

and standard error of the mean, ExK1/k2! calculated for the 
difference between paired observations. Let, for example, 
Q5,k1/k2 be the difference between observations Pj ,j and P3 x2 


sampled at station j at depths 2, and Z,2 respectively: 


= P =< 8, (4a) 
J, ky / ky jr ky Jjrk, 


ee 


The statistics PRL /k2! Sk1/k2 and Fa /k2 are: ‘then walcuiated 
from the equations: 1b through id iby. substituting Q4 k1/k2 £O% 
Pak 

2. For normally distributed, randomly sampled 


and P. 


4 ,k2! AT Ae, CUAL R ,J, the statistics 


populations PSK. 
Pki/k2 and Ski/_g are related to PL, (or Pyo) and Sy, (or S_Q) 


respectively (Arley and Buch, 1950): 


Pe ms (4h) 


2 2 74 
S, 0 my Si | (ye) 


Assuming the two populations Ps kl and Psk2 to be subsamples 
from the same parent population Ps okke the mean and standard 


deviation of this population can be estimated: 


Pepe ep 
i =i(h + ka (yd) 
/2 
2 2 
S4 = fe {is 7 Sp i es 
3. These results can be used to test: (1) whether 


the means P;, and ECs and standard deviations S,_ , and Sxk2 belong 

to populations that could have been sampled from the same 

parent population, and (2) whether the samples P. kj] and P-; : 
Jr J,k2 


3. =) lL Fae eee , J, are independent. The difference of the means 


can be tested using Student 's t-distribution® by*cale@mrtina. 


a ee 


Ni) dee Lista a 
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The difference between the standard deviations can be tested, 


Meangushedecorts E-distribution,.by calculating: 


2 
2 Sx, (4q) 
it so 2 

/ 2 Sk, J 
Tables for these distributions can be found in most testbooks 
Ciestatastics (Arley and Buch,, 1950 Mandel, 1964). . The 
independence of the two populations finally also can be 


tested with the F-distribution by calculating: 


ig ay eo a (yh) 
k, /k, cor 
ki /k, 


If F, in this case, exceeds the 95% confidence limits, the 
assumption that the populations P, kK] and Ps x2 are independent 
, 7 


Subsamples of the same parent population has to be rejected. 


Discussion 

The physical causes leading to rejection can be 
manyfold, and include dependence of both series of data on 
geographical or temporal variations naturally occurring in the 


Sampling environment as. well as drift type of errors in the 


ak | 


measurements. It will often not be possible to distinguish 
between these effects, but under certain conditions this 
technique can be helpful in establishing the reliability of 
the data. In an application described in detail in a recent 
report by the author (1969), the variabilities of data 

sampled at the 50, 75 ada 100 metre levels in Lake Ontario are 
compared. It is shown that significant, non-random variations 
occur in some of the chloride and specific conductance data, 
which can be explained plausibly only by assuming drift errors 
in the chemical analyses. 

The program does not actually calculate the F and t 
statistics, but provides all material needed for subsequent 
manual evaluations. It could, however, easily be expanded to 
include these calculations. In the output the following 
Statistics are calculated for each of the levels, or for the 
difference between observations at the pair of levels specified 
in the page heading: 

Number of observations (number of differences) 

Mean 

Reference mean, used as a median in the tabulation 

Standard deviation (S) 

Standard error of the mean (E) 

Tabulation of values (or differences) in intervals 


centered around the reference mean. 


Input 


1. Data in GLSP format on tape. 
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2. Control cards to determine cruises, parameters 


and depths to be read (see description in Appendix D). 


Output 

See sample in Fig. 3. 
Note 

The statistical technique is strictly speading valid 
only for normally distributed variables. For other 


distributions the F-technigque may still yield useful results 
if they are single-peaked and reasonably symmetrical. For 
distributions deviating seriously from normality, however, 
reference should be made to non-parametric statistical 


techniques as, for example, described in Siegel (1956). 
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SUBROUTINES RETRIEVE AND TRNSLATE* 


Control cards read in by RETRIEVE determine what data 
are to be read from the GLSP (Great Lakes Surveillance Program) 
tape. The subroutine has two entry points: RETRIEVE and 
CONTRET. An initial call to entry point RETRIEVE sets up the 
routine, reads in the first set of control cards, and returns 
the values of the parameters for the first consecutive station 
as specified by the control cards. Subsequent calls are to 
CONTRET, which returns values for the same parameters. New 
control cards are read in when what is asked for in the 
previous set has been satisfied. 

The argument list for RETRIEVE (in sequence of listing) is: 
ISTAT 0 normally 


9 if an END parameter card is read 


NODEPTH no. of depths returned 
NPARAM no. of parameter values 
IDM (10) standard depth code (1=0m, 2=10m, 


Se20m; 4250m, 5250m,, -6=7 5m,-7=100n- 
8=150m, and 9=200m), which returns 
standard depths read in from control 
card 2; for example if required depths 
are 30, 50 and 100 metres, then 


IDM(1) = 3, IDM(2) = 4 and IDM(3)) =-G 


* 
More information about these subroutines can be obtained by 


contacting the Systems and Programming group at the Marine 
Sciences Branch, 615 Booth Str, , Ottawa, Ontario. 
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IPCODEO (10) parameter codes 
IPVALUE (25, 10) coded parameter values for up to 
25 depths and 10 different parameters 

ISTDPTHO (10) standard depths requested, see control 

card=2% 

The control cards are read in groups of three; only the first 

one is checked for END in col. 1-4. The cards contain the 

following information: 

Cara, 1: The subroutine returns data sampled between cruises 
CM1l and CM2, between times TIME1 and TIME2, and 
between consecutive stations ISMl1 and ISM2 within 
the cruises CMl and CM2. Only data falling within 
all three ranges will be returned. Any one or more 
of the three ranges can be left blank, in that case 
the data only have to fall within the remaining 
specified ranges. If the card is left blank, all 
cruises are searched. (See statement 101 of 
RETRIEVE for card format). 

acd 2% Gives the standard depths to be searched; all other 
depths are ignored. If card is blank all depths 


are returned. (See statement 103 for card format) - 


Card 3: Gives the list of parameter codes for which values 
are to be found. (See statement 102 for card 
format). 


The tape is treated as a continuous loop and is rewound when 


E.O.F. is hit with no indication given to the main program. 


Soy Ee 


To decode the data returned by RETRIEVE, call TRNSLATE, which 


has the following arguments (in sequence of listing): 


LG parameter code 

IVAL coded parameter value 

VALUE decoded parameter value (floating) 

LAB (2) standard label of that parameter, used to identify 


the printout (e.g. TEMP for temperature, etc.) 
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LISTING OF. STATISTICS 2 


PROGRAM STAT I 


THIS PROGRAM WAS WRITTEN FOR THE CDC#3100 IN THE EMR DEPTe OTTAWAe 
12K WORDS OF CORE ARE REQUIRED PLUS 2 TAPE DRIVES. 


THE TAPE DRIVE ASSIGNMENTS ARE 
1e-LOGICAL UNIT Ole A STANDARD GLSP FILEe« 
2e-LOGICAL UNIT 206 A TAPE CONTAINING A SEQUENCEOF RECORDS 
ORDERED BY CRUISE NOew AND CONSEC NOe CONTAINING THE STDe 
STATION NOe AND A WEIGHT TO BE APPLIED TO DAT MEASUREMENTS 
AT THAT STD. STATION. WHERE THE SIDs STATION FIBED 1S 
BLANK THE DATA FROM THAT CONSEC IS IGNORED AND THE NEXT 
CONSEC IS READ INe 


THE PROGRAM USES A SET OF SUB ROUTINES TO RETRIEVE DATA FROM THE 
GLSP FILEse THE SUBROUTINES ARE DIRECTED BY A SEQUENCE OF CONTROL 
CARDS (READ BY THE SUBROUTINES FROM THE GARD READER.) THESE GARDS 
SPECTFYS THE CRUISE TO SE (SEARCHED Ss THE Sil. DEP THSs 10 BES SELECIED 
(ORsALTERNATIVELY»sALL DEPTHS) sAND THE PARAMETERS WANTEDe THE MAIN~ 
EINE PROGRAM REGEIVES A SERIES OF PARAMETER: VALUES = —tiPisiP 2) SAY 
THESE (PYsP2)) ARE ASSOCIATED WITH A CRUISE NOs sls A) STATION NOs 
9Js AND A DEPTHsDe EITHER OR SOTH OF Pl AND P2 MAY BE BLANKe 
ASSOCIATED ALSO WITH P1 AND P2 ARE THEIR RESPECTIVE PARAMETER CODES 
(ClsC2)e 


THE OUTPUT FOR EACH GRUISE IS PREPARED IN THREE STAGES sc. 

1e-ALL NON-STANDARD DEPTHS ARE DISCARDED EXCEPT THE TWO DEEPEST 

THE FIRST SET OF OBSERVATIONS IN EACH DEPTH INTERVAL IS KEPTs THE SEC. 
AND THIRD ETCe ARE DISCARDED. THE STATISTICS FOR EACH STANDRD DEPTH 
INTERVAL ARE CALCULATED. 

2e-CONTROL CARDS READ AT THE BEGINNING DEFINE INTERVAS FOR EACH 
PARAMETERe READING PAIRS ARE CLASSIFIED ACCORDING TO WHICH PAIR OF 
INTERVALS THE OCCUR INe STATISTICS ARE CALCULATED FOR EACH INTERVAL e 
3e-THE BOTTOM READINGS ARE CLASSIFIED ACCORDING TO WHETHER 

THE SOUNDING ASSOCIATED WITH THAT STATION IS eGTe OR elEw 45¢ Me 
STATISTICS FOR THE BOTTOM READINGS AND THE BOTTOM BUT ONE READINGS 


‘ARE CALCULATED 


THE FOLLOWING IS A LIST OF THE VARIABLES USED IN THE ROUTINE AND 
A SHORT EXPLANATION OF THEIR USEe 


BEG READ FROM CONROL CARDe BEGINNING OF RANGE FOR STAGE 2¢ 
BSD ~1De DEVe OF P2 IN EACH GEASS 

BSDM S1De, DEVe OF MEAN OF P2 IN EACH GEASS 

BSUM SUMS OR MP2 O8 Se IN EACH GUASS 

BSUMSQ SUM OF P2*P2 IN EACH CLASS 

D INCREMENT VALUE FOR PARAMETER INTERVALS IN STAGE 2¢ 
DSD SiiDe DEVe (OF P2).0BS) IN A DEPTH INTERVAL 

D§DM STD DEV OF MEAN OF P2 OBSe IN A DEPTH INTERVAL 
DSUM SUM OF P2 OBSe IN A DEPTH INTERVAL 

DSUMSQ SUM OF B2*P2 IN A DEPTH INTERVAL 

END END OF RANGE FOR STAGE 26 
ICNTRY COUNTRY CODE 

ICRN CRUISE NO (CURRENT) 

ICSN CONSEC NO (CURRENT 


IDAY 3 DATEsTIME OF MEASUREMENTS 


OOO. OOO @ OO OY OO CVX CO O.0.6:°O) Fy OO GA OG Oi One G CY OOO OO Gy (OV @ A) Gi. @)-Gy GO) GG GY Gas @ GG) GiiGyas 


DEPTH 
IDM 


IHOUR 
IMIN 
IMONTH 
INS 

ge) 
IOCTANT 
LPCOBE 
IPCODOLD 
IPVALUE 
IRNG 
ISD 
ISNDG 
IVAL 
IVALUE 
IYEAR 
LABEL 
LATDEG 
LATMIN 


LATSEC 
LONGDEG 
LONGMIN 
LONGSEC 
MAME 
MID 
MODIFIER 
MODIFIER 
NAME 
NBOTSUM 
NBOTSUMW 
NDEC 
NDEPTH 
NOBD 
NOBDW 
NOBP I 
NOBPIW 
NOBSB 
NOBSBW 
NOCBS 
NOCDE 
NOP C 
NSOUND 
NSTO 
NESE 
NUMMY 
PINT 
PSD 
PSDM 
PSOMSQ 
PSUM 
WBSUM 
WDSUM 
WPSUM 
XMID 


= 8) = 


Seek DEPTH CORRESPONDING TO LEVELS OF IPVALUE 


INSTT TUTE NOP 

LOGICAL UNIT HOLDING GLSP FILE 

OCTANT CODE 

STORES PARAMETER CODES IN SAME ORDER AS ON CNTRLe CARD 
STORES THE OLD PARAMETER CODE 

RETURNS PARAMe VALUES FROM INPe ROUTINEeUP TO 25 DEP el0 PAR 
RANGES WITHIN WHICH A READING IS CONSIDERED TO BE AT A SeDe 
STANDARD DEPTHS USED 

SOUNDING 

DUMMY ARRAY FOR RETURNING NDEC VALUE 

USED BY TNPUlSROULINES ONIGY, 

1 

ARRAY HOLDING OUTPUT HEADINGS 


1: 
ZB LATITUDE OF CURRENT STATION 
3 
iL 
Z LONGITUDE OF CURRENT STATION 
2 
Z 


INDEX AT WHICH XMID OCCURS 
CALCULATIONe P1 SHOULD BE TEMPe P2 SHOULD BE D 02 P OR O2 W 
READ FROM GONTR. CRD FOR P2. =1 INDIC PERFORM SATO2 
ARRAY HOLDING NAMES OF PARAMETERS RETRIEVED 
NOVOEROBSERVAT LONSmeL NG AN SINTERVAL OF | (Pal 
SUM OF WEIGHTS ASSOCe WITH OBSERVATIONS IN A Pl INTERVAL 
ARRAY HOLDING NOeDECIMALS REQUIRED IN OUTPUT OF P1+P2 VALUE 
NOOR DEPTHS IMBASURED 
NOROESOBSERVAITONS OF =B> IN A SHANGARD DEPTS INTERVAIE 
SUMMON GolkonsiN A DEPTH INTERVAL 
NO OF OBSERVATIONS IN AN INTERVAL PAIR 
SUM CF WGHIS. IN EACH PARAMETER INTERVAL "PAIR. 
NO OF OBSe OF P2 IN EACH OF THE BOTTOM DEPTH CLASSESe 
SU OmeWenGiitomlN Ee AGH GIEASS 
GONSECURIVE@E T Sis l Dias NO. 
USEOMeyeINe CO Te mOUl TNES. ONE Y 
3 READ FROM CRUISE MASTER CARDS (NOT PROCESSED ) 
4 
1 
5) 
DUMMY VARIABLE FOR SPACING IN COMMON DATA 
ARRAY CONTe PARAMETER INTERVAL BOUNDS FOR OUTPUT HEADINGSe 
STANDARD PEVIATION IN INTERVALS OF Pl 
STANDARD DEVIATION OF THE MEAN IN INTERVALS OF Pl 
SUMS OF SQUARES OF P2 VALUES IN Pl INTERVALS 
UNWEIGHTED SUMS OF P2 IN Pl INTERVALS 
WEIGHTED SUM OF WEIGHTS IN EACH CLASS 
WEIGHTED DSUM 
WEIGHTED SUMS OF P2 IN Pl INTERVALS 
MIDDLE VALUE READ FROM FIRST CONTROL CARD USED ONLY FOR Pl 


SUBROUTINES USED 


LOY OOOO 


MD 


TOW EA 


GY GEG) 


CuO 


CDYK OI RS 


Doth 


996 


100 


10 


Sie 


RETREIVE WITH ENTRY POINTS SEARCHs CONTRET» REWIND 
TRNSLATE WITH ENTRY POINTS TAGs OUTPUTs NUMDEC 


COMMON INSsICRNsICSNsICNTRY s LOCTANT sLATDEGsLATMINsLATSECs 
1 LONGDEG»sLONGMIN »LONGSECs IT YEARs IMONTHsIDAY sIHOURs IMINsISNDGs 
2 NDEPTHsNOCBS »NCODE(9) sIVALUE(9) sITOsNSTOsMAME(4) »NOPCs 
3 NSOUNDsNTSC 

COMMON/DATA/ NUMMY (260) sISD(10) » I RNG(10) 

DATA (ISD=1910920930950375910091509200) 9 (IRNG=19192939595910910» 
Leto) 

DIMENSION BEG(2) »END(2) 90(2) »NEND(2) »MID(2) »9XMID(2) » IPCODOLD(3) » IP 
1CODE(10)s PSUM(24)s PSUMSQ(24) »sNOBSB(4) sNOBD( 15) sDSUM(15) sDSUMSQ ( 
215) sBSUM(4) »BSUMSQ(4) sNOBP1(24922) » IPVALUE (25910) sDPTH(25) sVALUE(4 
3)s1IPAR(2) sNAME(4) sNBOTSUM(24) »PSD( 24) sPSDM( 24) »DSD(15) sDSDM(15) 

DIMENSION BSD(4) »BSDM(4) sLABEL(2 95) sNDEC(2) 9 IVF (8) s1VO(15) sIVR(8) » 
1 IVM(8)sI1IVA(8) sIVT(6) »PINT (2925) sIDPTH(25) »IDM(10) »sIVAL(2) 

DIMENSION NOSPIW(24922) sNO3DW(15)» NOBSBW(4) »sNBOTSUMW (24) 

1 »WDSUM(15) »WPSUM(24) sWBSUM(4) 


SET- LOGICAL UNLTS 


KR=60 
MT1=20 
10=01 
LP=61 


READ FIRST CONTROL. CARD GIVES RANGES OF Pl 
READ(KR9100) BEG(1) sEND(1) 9D(1) »XMID(1) 
GHEE FOR END ‘OR SOB 


GO 10... (9995996) sSOFCKECKRY 
CONT INUE 

CALL REWND( IDM) 

REWIND MT1l 


READ .GeGec2 1GIVES RANGES ORG 2i 


READ(KRs100) BEG(2) sEND(2) 9D(2) »XMID(2) sMODIFIER 
FORMAT (4F10¢5939XI1) 


CALCULATE NO OF INTERVALS FOR EACH PARAMETER 
AND INDEX OF MID POINT 


DO 10 K=l»s2 

NEND(K)=(END(K)=BEG(K))/D(K)+05 

MID(K) =(XMID(K)@BEG(K) )/D(K) 41-5 

CONTINUE 

CALL RETRIEVE(ISTAT sNODPTHsNPRM»s IDMsIDPTHs IPCODEs IPVALUE 9 IDM) 


DETERMINE NO OF DECIMALS NEEDED IN OUTPUT(= NO DECe IN INPe +1) 
DO 375 K=1s2 


CALL NUMDEC(IPCODE(K) »IVALsEND(K) »DUM) 
NDEC(K)=IVAL(1) 


Cae WO) 


AGA 


On 


a) 


= ST = 


275) CONT ENVE 
LEVER econo s 3.7 U 
)= 


LE GMO DA Et 
376 "NDEC (2)y=1 
Set UPS OULeEUT HEADINGS 


21 CABERCI si) —4DEPT SEABEL(2s1)=4HH 
LABEL (192)=4HMEAN €ELABEL (292) =4H 
LABEL (193)=4HNO O SLABEL(293)=4HBS 
LABEL (194)=4HSD D $LABELS294)=4HATA 
LABEL(1:25)=4HSD M SLAREL (225) =4HEAN 


Seq UP SOUTRUT “BOR MAIS 


EN@ODE (32310429 1VF )NDEC(2) 
FORMAT CLOMICIE  SAZAS sl POR Se 11s S5Hs 1A) ) ) 
NIM=NEND(1) 
N2M=NEND (2) 
NIP2=NEND(1i)+2 
N2P2=NEND(2)+2 
NEP LENENDA YT) - 1 
OC 280 J=1s2 
N2P1=NEND(J)+4+1 
DE 480! L=1sN2Py 
ACORN aes eng) etic 19) 9) 
TI=4H) 2A2 
IDAT=2H ) 
JDAT=4H 0 
NDOCM1=NCDEC(1)-1 
ENCODE (60 91C6sTVO)NDCM1sNEND (1) sNDCMl19 TI 9 TI sNDCM1 sNOCM1 
106 FORMAT(15H(1H 2A452H CFE6eIlslHsI2s7H(A2sF5eT19A29Rea4HsF6el1s 
L17HsA2 sF6eT1s10Hs 6H Ale) ) 
NDCM2=NDEC(2)=1 
NPZ=NEND(1)+3 
ENCODE(329108sIVR) NDCM2 
108 FORMAT(1ICH(1H A2sF6e11913He2X15(1494X))) 
IVM(1)=4H(3X SIVM(2)=4H2A49E1VM(3) =4H SIVM(4)=4H 15 
NMD=NP34+1 
DO 1 1=598 
PPIVMCT)=IVRI 1) 
T1=4H) ) 
ENCODE(329109sIVA) NMDsNDEC( 2) 
109 FCRMAT (THI 3X2A4s1294H(F6eT195H92X)) ) 
ENGODE( 24s 112s 1V1)) NDEGC(2) 
112 FORMATCI3H(1H 2A4s4(F60eT125H94X))) 
INDIC=1 


po) 
oO 
Ww 


PN Nil Zee ARR oe OL DING MEANS “ET.Ge TOF Ol. 


Lope 271 
JK=0 
DQ 159 T=1924 
To S22 
JK=IK+22 
WPSUM(1)= 
PSUM(1)=0 
PSUMSQ(1) 


orne) 


1S Ss laSai 
157 NOBD(1)=0 


158 


16 


159 


AAA 


70 


(a) AAA 


160 


1550 


JB55 
13360 


NAN 


LED oe 


SUBROUTINESeERGO END OF JOBSTEP 


NOBDW(1)=0 
WDSUM(1)=020 

DSUM(I)=06 

DSUMSQ(I)=0.6 

IF (1eGTe4) 1569156 

NOBSB(I)=0 

NOBSBW(I) =0 

WBSUM(I) =0«0 

BSUM(I)=O6 

BSUMSQ(I)=0. 

DO 159 J=IJUsJK 

NOBPIW(J) =0 

NOBPI(J)=0 

STORE CURRENT CRN AND PARMe. CODES 
ICRNOLD=ICRN 
IPCODOLD(1)=IPCODE(1) 
IPCODOLD.( 2) =I PCODE( 2) 

ISTAT = 0 MEANS NORMAL RETURN 
ISTAT = 9 MEANS END CeCe READ BY INPo 
IFUIS TAT EOG 0M STs 72 
IFCISTATSE@.O) Tiel 72 

CHECK TO SEE IF STDe STATION 

IF NOT RETRIEVE NEXT STATION 

GO TO (519160970) sINDIC 

READ (MT1s101)NOCNsNOSN sNSSNy5 IWGHT 
FORMAT (2X3(1XI3) 91X14) 

IF ( IWGHT) 61962 

IWGHT=1 

CONT INUE 

GO TO (6070) sEOFCKF(MT1) 

REWIND MTl 

GO TO 51 

IF(NOCN-ICRN) 51980972 
IF(NOSN=ICSN) 51990972 

IF (NSSNeEQe0) 289950 

INDIC#3 

GO TO 289 

IF END OF CRUISE «ee CALCULATE AND PRINT STATISTICS 
IF (ICRNOLDeEQeICRN) 1609172 

ID=1 

INDIC=1 

IF ( IPCODE (1) eEQeIPCODE(2)) 155091560 
DO 1555 I=1925 

IF(IDPTH(1) eEQ.4H ) 156091555 
IPVALUE( 1 92)=IPVALUE(I 91) 
CONTINUE 


WGHT=FLOAT ( IWGHT ) 
REMOVE NON-STANDARD DEPTHS 


DO 250 I=1925 


27 


Zale 
210 


CO 


220 
220 


YN EY GY 


20 
254 


VAG 


250 
1260 


260 


264 


YOY @e 


OG) 


212 


265 


OVO 


267 


266 


NaN 


a BY 


F(IDPTH(1I) eNEe4H )25239254 
DO 210 J=199 

LEC CISD(J}-IRNG( J) #1 0eLE eI DPTH(1).) 2159250 
IF(CISD(JS)+IRNG(J)) #10eGEeIDPTH(1) )2209210 
CONTINUE 

GOMMO 259 


TAKE ONLY THE FIRST FOUND IN EACH DEPTH INTERVAL 


IF (Je EQeJOLD) 2509230 
IDPTH(ID) =IDPTH(1) 
IPVALUE(ID91)=IPVALUE(Ts1) 
IPVALUE(1D22)=IPVALUE( 122) 


STORE CORRESPONDING STDe DEPTH INDEX 


TPVALUECI Ds 3) =J 
JOLD=J 

ID=ID+1 

CONT INUE 
IDN=I1D-1 
JOLD=8388607 


STORE BOTTOM DEPTH S IF REQUIREMENTS MET 


DO 264 K=1l:92 

NN=I4+K=3 

LL=1 

IPULYEARslEs (657) 125051260 
LL=10 

CONTINUE 

IF (( ISNDG¥LL-IDPTH(NN) ) eLE2100) 260 9264 
IDPTH( 1D) =IDPTHI(NN) 
IPVALUE(1D92)=IPVALUE(NN92) 
ID=1D+1 

CONTINUE 


COMMENCE STORING VALUES FOR STATISTICS 
005 270. T=1s1DN 
IF P2= BLANK GO TO NEXT DEPTH 


IF (IPVALUE(I 92) e¢NEe4H Mee? 2s 200 

CALE TRNSLTE( IPCODOLD(2) »IPVALUE (192) »VALUE (2) » NAME (1) ) 
KUMP=1 

IF (IPVALUE (191) eEQe4H ) 2669265 


KUMP =0 
CALL TRNSLTE( IPCODOLD(1) > IPVALUE(I91)»VALUE(1)» NAME(3)) 


IF (MODIFIER) 2679266 

PERFORM SAT O2 CALCULATION 

T=VALUE(1) 

sts i RAV ALUE (207,04 380-1 hha 10541 A (—BeBE “349 = 5m SET)» 
CONT INUE 


STORE IN APPROPRIATE DEPTH INTERVAL e INDICATED BY IPVALUE (3) 


Gee 


fi ak a YO 


Gaye 


AOa@a 


OO @.@y 


ZB 


Te 
PATS) 


278 
ZTY 


219 
280 


274 


270 


Zion 
BIZ 
283 
284 


285 
286 


287 


9000 


9001 


292 


KK=IPVALUE (153) 

DSUM(KK) =DSUM(KK) #VALUE (2) 

WDSUM(KK) =WDSUM(KK) 4VALUE (2) #WCHT 

NOBDW (KK) =NOBDW (KK) +TWGHT 

NORD (KK) =NOBD(KK) +1 

DSUMSG(KK ) =DSUMSQ(KK) #VALUF (2) *VALUE (2) 
IF(KUMP) 2705272 

CONTINUE 


STORE VALUES FOR STAGE 2 OUTPUT 
SELEGT APPROPRATTE PARAMETER INTERVAL 


LEK VACUEC Ke GE. BEG) 27a 
LFPAVALUE OK LEeENDCK 277 sens 


IPAR(K)=1 

SOF NOx Zeno 

IPAR(K)=NEND(K) +2 

GO? TO" 279 

PEARCE LAY AIS KRIS Gk eA Kee? 


IF(KeEQel)2749280 
ITIT=IPAR(1) 


STORE TN iCOUNTERS FOR INTERVAL Tt 


WPSUM( II) =WwPSUM( II) +VALUE(2)*WGHT 
PSUM(II)=PSUM(II)+VALUE(2) 
PSUMSQ(1II)=PSUMSQ(I11)+VALUE(2)*VALUE(2) 
CONTINUE 

JJ=IPAR( 2) 

NOBPIW( II 9JJ) =NOBPIW( II »JJ)+IWGHT 
NOBEL JIV=ENCRRT Git sJg ae 
CONTINUE 

JGO=ID—IDN 

= pie 

GO°TO (2899 28s 222) 3 JGO 


SIORE BOMmTIOM VACUES IN PROPER ‘COUNTERS 


NO=1 

COMLORZ cS 

NO=2 

IFC IDPTH(1D)-eGEe450) 2843285 

ND=0 

GO TO 286 

ND=2 

JGO=JGO-1 

IF(IPVALUE(ID92) eNEe4H )2879288 
CALL TRNSLTE( I PCODOLD( 2) sIPVALUE(1IDs2) »VAL»NAME (1) ) 
IF (MODIFIER) 900039001 


PERFORM SAT O2 CALCULATION FOR BOTTOM VALUES IF MODIFIER=1 


CALL TRNSLTE(IPCODOLD(1) »ITPVALUE(1ID91)sTsNAME(3) ) 
VAL=9B e8¥VAL/(14e380—-T#( e41054+T#(—8 e8E—-3+9e5F6-5*T ) ) ) 
CONT INUE 

NNEW=NO/JGO+ND 


‘ay (Gia) 


CY GY GG AGie) 


Con 


288 


289 


G2 


205 


SEO 


310 


B25 


325 


Eh 


WRSUM(NNEW) =V¥285UM(NNEW) VAL 4WGHT 


BSUM (NNEW) =BSUM(NNEW) +VAL 
BSUMS@(NNEW)=BSUMS 
NOBSB(NNEW) =NOBSB (NNEW) +1 
NOBSBW (NNEW) =NOBSEWCNNEW) +I WGHT 
ID=ID-1 

IF (JUGO*GT el) 2869289 


SWAT LON Ve NSE! te 


CALL 
GO TO 49 


PERFORM SUM DOWN 

NBOTSUN( 24) “HOLDS 
SS TUMHETAIRIE NG Nalern 
NOBPI (2451) 
NOBPI(2351) 


ele NY eiaey AMES 
SO MmOW BE RavA Lie 


HOLDS 
HOLDS 


SUM 
SUM 


ACROSS 
ACROSS 


Pp? 
ey 


fe 


NBOTSUM( 24) =0 

NBOTSUMW(24)=0 

DO 300 I=19s22 

NBOTSUM(1)=0 

NBOTSUMW(1)=0 

NOBP1(2491)=0 

NOBPIW(2491)=0 
PSUM(24)=PSUM(24)+PSUM(T) 
WPSUM( 24) =WPSUM(24)+WPSUM(1) 
PSUMSQ(24) =PSUMSQ(24)+PSUMSQ(1) 
WOES 3 O a= 1 92 2 


Q(NNEW)+VALSVAL 


Rieiete Mi INE XSSi An DON 


CONTRET CISTAT sNODPTH »NPRMs IDMs IDPTHsIPCODE sIPVALUEsI1DM) 


NBOTSUM 
NRBOTSUMW(24) »PSUM(24) sWPSUM(24) sETC. 


INTERVALS 


DNTAaRV AS “ORES A Te RVI 


oGle 


NOBE1 (2451 V=NOBBINU sl )4NOBP IL 2451) 
NOBPIW(2491)=NOBPIW(Js1I)+NOBPIW(2491) 


NBOTSUM(T)=NROTSUM(T)+NOBPT (I 9J) 


NBOTSUMW(IT)=NROTSUMWCT)4NOBPIWCTI 9J) 


UE CG OVS UID (i) 2ies) 5 Sis) ) 

NOBP1 (23s1)=NOBP1(2431) 
NOBPIW(2391)=NOBPIW(2491) 
CONTINUE 

NOBPI (23981) =NOBPI(2491)—-NOUPI ( 


NBOTSUM(24)=NROTSUM(24)4+NBCT SUM ( 


23°91) 
NOBPIW(2351)=NOBPIW(249I1)-NOBPIW( 


2Br9 19) 
I) 


NBOTSUMW (24) =NBOTSUMW(24)4NBOTSUMW(T) 


Lael cesearos li (ele) ne BulsCrea7 2) 
NBOTSUM(23)=NBOTSUM(24) 
NBOTSUMW (22 )=ENROTSUMY (24) 
PSUM (23) =PSUM( 24) 
WPSUM (23) =WPSUM( 24) 
PSUMS9(22)=PSUMSO(24) 
PSM) =! SUM CT /AN So TSU T ) 
WPSUMCT) =WPSUMCUT)/NBOTSUMN (1 ) 
CGN On SUM eto el 3.25.9 3\3-6 
PSD(1)=PSOM(1)=0. 

GO. 18) EHOxe 


CNECUL/NITE Siig aie wic 


FRCM UNWEIGHTED 


MEANS AND SUMS OF SQUARES 


XMID( 1) 


PSp(1) =SQRTF( (PSLUMSQ(1)-NROTSUM(1) *PSUM(T) *PSUM(1T))/(NBOTSUM(I)—1) 


uM) 


PSDM CT )=2SD (1) /SQRTFUFLOAT (NBOTSUM(T))) 


nel Vens: (Gay a) 


AA) 


300 


340 


120 


P20 


102 


ee 


CONT INUVE 
NBOTSUM(23)= NBOTSUM(24)-NBOTSUM( 23) 


NBOTSUMW(23)= NBOTSUMW(24)-NBOTSUMW (23) 
PSUM (23) =PSUM(24)-PSUM( 23) 

WPSUM(23) =WPSUM(24)-WPSUM (23) 
PSUMSQ@(23)=PSUMSQ(24)—-PSUMSO(23) 

DO 240 K=23924 
PSUM(K)=PSUM(K)/NB0TSUM(K) 
WPSUM(K)=WPSUM(K) ZNBOTSUMW (CK) 


PSD(K) =SQRTF( (PSUMSG@(K)-NBOTSUM(K) *PSUM(K) *¥PSUM(K))/(NBOTSUM(K)-1 


1") 
PSDM(K)=PSD(K)/SQRTF(FLOAT(NBOTSUM(K))) 
CONTINUE 


WRITE CRUISE HEADING 


WRT TECLP sdk2 OF PIGRNOLD 
FORMAT(12HICRUISE NOs 122) 


CALCULA TIONSEGRMST AGE. 1 VOU Pa 
DSUM(11) sWDSUM(1 1) SNOBD( 11 ksETCe HOLD TOTALS OVER ALE (DEPTHS 
DSUM( VO SETG SHOE DS TOmMesS: FOR ALL DEPTAS sGie SUM. 


DSUM(11)=06+6 

WDSUM(11)=06 

DSUMSQ(11)=0656 

NOBD(11)=0 

NOBDW(11) =0 

DOF 350 We is9 
DSUM(11)=DSUM(11)+DSUM(T) 
WDSUM(11)=WDSUM(11)+WDSUM(1) 
DSUMSQ(11)=DSUMSQ(11)+DSUMSQ(T) 
NOBD(11)=NOBD(11)+NOBD(1) 

NOBDW (11) =NOBDW(11)+NOBDW(T) 
DSUM(1)=DSUM(1)/NOBD(T) 
WDSUM(1T)=WDSUM(1)/NOBDW(T ) 
DSD(1)=SQRT((DSUMSQ(1T)-NO8D(1T)*DSUM(1)*DSUM(1))/(NOBD(I)-1)) 
DSDM(1I)=DSD(1I)/SORT(FLOAT (NOBD(T)) ) 
IF (1 2EQe4)3515350 
DSUM(10)=DSUM(11) 

WDSUM(10) =WDSUM(11) 
DSUMSQ(10)=DSUMSQ(11) 
NOBD(10)=NOBD(11) 
NOBDW(10)=NOBDW(11) 


CONTINUE 
WRITE (LP 9121) (NAME( 1) 9 T=194) 
FORMAT(12H PARAMETER 2A4918H (COMPARED WITH 2A491H)///) 


DSUM (10) =DSUM (1 1) = pSUM (110) 
WDSUM(10) =WDSUM(11)-WDSUM(10) 
DSUMSQ(10)=DSUMSQ(11)-DSUMSQ(10) 
NOBD (10) =NOBD(11)-NOBD(10) 

NOBDW (10) =NORDW(11)-NORNW(190) 


WRITE STAGE 1 HEADING 


WRITE(LP9102) (LABEL (I91)sT=192) s(ISD(I) sIl=199) 
FORMAT(1H 5X2A495X9(1397X) 93H)507X3HALL) 


GCALCULAT ION OF MEANS» Se De SETGs FOR TOLAES OVER AEE SEPT aS s AND 


Gia ONUGeOney. (Gy 


Tag | 


(MVGNS) 


aay IN Si ba 


See ya 


DERT HS 6GT ee D05 Me 


DOT 260 Fl = 10% Tal 

DSUM(1)=DSUM(T)/NOBD(T) 

WDSUM( 1) =WDSUM( 1) /NOBODW(1 ) 

DSD(1)=SQRT((DSUMSQ(1)-NO3D(1)*DSUM(1)*DSUM(1))/(NOBD(1)-1)) 
360 DSOM(1 V=DSD41 )7 SORWUEEOAT CNOBD( 1)p)) 

WRITE(LPsIVF) (LABEL (192) s1=192) 9 (WDSUM(1I) 5151911) 


STAG, 3, GALCULATIONS 


INDEX = 1 BOTTM READING FOR BOTTOM DEPTH eGEse 45 Me 
INDEX = 2 BOT TM BUT. J. READING, FOR. BOTTOM, DEPTH, «GEs 45 Me 
INDEX = 3 BOTIM IREADING PORS BOTTOM DEPTH elie 45 Me 
INDEX = 4 BOTTM BUT 1 READING FOR BOTTOM. DEPTH «lLTe 45 Me 


DO 370 I=194 
WBSUM(1T)=WBSUM( I )»/NOBSBW(T) 
BSUM(1)=BSUM(1)/NOBSB(1) 
BSD(1)=SQRT((BSUMSQ(1)-NOBSB(1)*BSUM(1I)*BSUM(1))/7(NOBSB(1)-1)) 
BSDM(1)=BSD(1)/SQRT (FLOAT (NOBSB(I))) 

370 CONTINUE 
WRITE(LP 5104) (LAREL(1 3) s1=192)>(NOBD(I) »I=1911) 

104 FORMAT(1H 5X2A495X11(1456X)) 


WRITES MEANSS ERGs FOR SRAGE 1 


WRITE(LP s IVF) (LABEL (194) sT=192) 9(OSD(I)sI= 
WRITE(LPsIVF) (LABEL (195) sT=192) »(DSDM(T) 91 
WRITE(LP3105) NAME(3) sNAME(4) 

105 FORMAT(1H-10X28HNO OF OBSERVATIONS IN EACH 2A499H INTERVAL  ) 
WRITE(LP»sIVO)NAME(3) sNAME(4) sPINT(191)9¢ SDATsPINT( 1591) 91T=12NI1M) 
lsIDATsEND(1)sIDAT »XMID(1) 
NAME (3) =NAME(4)=4H=--- 


9) ele) 
=1s11) 


WRITE HEADING FOR’ STAGE 2 


WRITE(LPsIVO) (NAME(T) 9 1T=394) sPINT(191)9((JDATsPINT(191)) 9T=29N1P1) 
ls IDATsEND(1)sIDAT>XMID(1) 
WRITE(LP9107)NAME (1) »NAME (2) 

107 FORMAT(1H 2A4s10HINTERVALSS  ) 


WRITE TOTALS FOR EACH INTERVAL PAIR WITH HEADINGS AT SIDE OF PAGE 


DO 800 I=1l»N2P1 

WRITE(LP IVR) JDAT »PINT (291) 9 (NOBPI (J9I1) »J=19N1P2) sNOBPI (2391) » 

INOBPI(24s51) 

IF (leEQeN2P1) 8012802 

802 WRITE(LPsIVR)IDATsPINT(291) 
800 CONTINUE 
801 WRITE(LP»sIVR)IDAT sEND( 2)» (NOBPI(JsN2P2) sJ=19N1P2) sNOBPI(239N2P2) » 

1NOBPI(24sN2P2) 


WRITE MEANS ETCeFOR STAGE 2 


WRITE(LPo IVA) (LABEL (192) 91=192) 9 (WPSUM( I) »IT=l9N1P2) sWPSUM(23) >» 
1WPSUM(24) 
WRITE(LPsIVM) (LABEL (193) 9Il=192) 9 (NBOTSUM(1)»T=19N1P2) sNBOTSUM(23) > 
INBOTSUM( 24) 


CY OVEN 


oe Cw a he Nata a Oy: 


WRITECEP Ss TVA) GEABELG fs A )eeule=) 2h GPS DK Ts 1 sa lesiNoneeZeesly So DiG2 Sues) 2 SOR 4e) 
WRITE(LPs IVA) (LAREL (195) sT=192) 9 (PSDM(1) s L=19N1P2) »9PSOM(23) sPSDM(2 
14) 


WRITE HEADINGS FOR SAGE 4. OUBUT 


WRITE(LP 9110) 
110 FORMAT(12H-BOTTOM SUMS/10X5HBDEEP4 X6HBBDEEP3X8HBSHALLOW2X 9HBBSHALL 
10W ) 
WRITE(LPs IVT) (LABEL (192) 91=192) »(WBSUM(1)sIT=194) 
WRITE(LP 9113) (LABEL (193) sT=192) » (NOBSB(1)»1=194) 
WRITE(LPo IVT) (LABEL (194) sT=1592) s(BSD(1) sIl=194) 
WRITE(LPs IVT) (LABEL (195) 91T=192) s(85SDi(1T)sL=194) 
113 FORMAT(1H 2A491X4( 1496X)) 


TESA =) OR EURIN OR Ek SORA SIE 

LEVISTAT =eS) ALIS CRUISES SPECTPILED BY CURRENT sel Wr "CCNTROEVEGARDS 
HAVE BEEN READ VAND” ANVEND™ CARDS IHAS GIDEN URE ADS "EN THIS “CASE Fr 

FURTHER PROCESSING IS REQUESTED’ TWO MORE ‘GON. "GRIDS. ‘GIVING "PARAMETER 
INTERVALS MUST BE READe AN FOF ON THE CARD READER INDICATES JOB END. 


PPUISTA TS EQsO) 1555999 

INDIC=2 

CLEARS TAs EG6O)) La siioo7 
999 END 


PHOEAPS 4 46044 ee eed ewes 


17) ; AAT oie . -_—n 


‘ps 1406046085 @~— 
3% LMR 2) os gees 

; HfA7. wo “a ‘ . * 
BOTG+20> Met Gir: is neEGe® 5 
5 TuLge < Daz | Y : a » ; 
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sates: SGuaUsee oA bo’ 


Ag eR REN eter: FAR Ys ¢ 
KRDADS OTH) o CLs KART. THP™ P.O ne 
Tener ELEY OEM t1 eG tet) Ww! 
od’ © ee aloe sede Ss | 
’ ‘s 1Ohe AEE SUIAYAY £17 etc 
were CPUd *TT. te af 
(LD AA) o> 
207 + HO Te Mera a | 


SO TF LOS TAT «EO 1147: 


F - , a) 1cMNS Sry leStirat *? 
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LISTING. OF STATISTICS II 


Cc PROGRAM STAT I1 
€ 


CH HH HH HHI AK IE HH HE FEI TEE IE HEHE HE IEE HEHE FETE SE TEE EE IE TE IE IEE III HEHE HE HEE IE HEHEHE HEHEHE IE HII HEHEHE HE HE 
C#¥**X*X THIS PROGRAM REQUIRES 2 MAGe TAPES AS INPUT 


€ 1 GESP DAT AMIS iais 

C 26 STANDARDS STATION TAPE 

€ THE PROGRAM WAS WRITTEN FOR THE CDC-3100 EMR DEPARTEMENT IN OTTOWA 
C#XHLE TT OREQUIRES THE USE OF SUBROUTINES RETREIVEs READGs TRNSLATEs CODE 
C ENTRY POINTS OF RETRIEVE ARE SEARGHs CONTRE Is: «REWND 

Ge ENTRY POINTS: OF TRNSEATE ARE TAGs OUTPUT s  "NUMDEE 


CHEM KKK HH EK HE HH EK EK KH HHH HK HHH KH KKK IK HHH RH EK MH HH HHH 
G 
COMMON INSsICRN»aICSNsICNTRY sIOCTANT sLATDEGsLATMINsLATSEC» 
1 LONGDEGsLONGMINsLONGSECsTIYFARs IMONTHsIDAY » IHOUR» IMINs ISNDGs 
2 NDEPTH»NOCBS »yNCODE (9) sTVALUE (9) sTOsNSTOsNAME (4) sNOPCo 
3 NSOUNDSNTSC sTFILL( SO) 4 VAL ( 11s 5:96:2 ) 
DIMENSION, TONf 10) s TL OPTH( 5.) 5 TPCODE (10)'s TPVALUE( 15510) > 
1 1STORP TAL LO) TE TMC 4.) 
DIMENSION SUMUI 1s S)sVART(11s5) Sh Cls'5) sAVSD( 5) s\NA MEP 
1(2)sSUMC (5) »XNOSD (11) »NO(1155)»SUMSQ(11 55) sBIGSM(1) »SOSM(1)sSDC(1) 
2eri@iAlat 1) 


GET PARAMETER RANGE CHECKS AND STD STN RANGES 

A VALUE OF A PARAMETER TS REJECTED UNEESS TIM EIES BETWEEN SVAEVANDSEVAE 
ALL (DAA ROM ANY STATION WS IREJECTED UNEESS IT eS AS SiDs sine ANS 

ITS SIC SIN NO. EVES BETWEEN EIMd SANDS RE UM 2 ORS INE Lue AN Die ite lta: 


COBY Gras 


IBARF =0 
1887 READ(603750) SVAL»sBVAL »sILIM 
TO” FORMAT C26 OTS 7-404 ) 


if THE CARD 1S, SUANK ACEERT ALI Si bes 


ae a we 


Te TE TIM Ce MN yin) ee 7s Lures) ts Ane ee? 
TOs) EM i leyeO. 

LE TUMIG2Z y= 5:00 
1972 CONT TENUE 


G 
G NCRK LS NUMBER OF “CRUISES TO BE REAB 
e NSTK IS MAXIMUM NUMBER OF STATIONS 
C NDPK IS MAXIMUM NUMBER OF DEPTHS 
C LAST TWO ARE MAXIMUM DIMENSIONS » 
€ NERK AESO ACTS AS GOUNTER AND MUST BE PRECISE 
€ 
NCRK=8 
NSTK=62 
NDPK=5 
LP=61 
KR=20 
IO=01 
G 
C INITTIACIZE INPUT ROUTINE READE 
C 
CALL REWND(N) 
G 
G START MATIN LOOP (GONTROEEED BY is, 1 SS INGREMENTEDS BY “ll FORMEAG RGR Urns 
c 


I=1 


G 
G 

14 
G 
i 
C 
G 
@ 
G 
€ 
E 
C 

18 

1 
€ 
C 
C 
Gg 
G 
iG 

4 

100 

3) 

6 

iT 

9 

iO) 

8 
G 
C 
E 

11 

1969 
C 
€ 
G 
‘6 
C 
€ 
& 

1970 

16 

1964 

1965 


1967 


ty 


INITIALIZE INPUT ARRAY 


DO 14 J=1sNDPK 

DO 14 IC=1sNCRK 
NO(TCsJ)=0 

DC 14 K=1lsNSTK 
VAL(ICsJ9K)=999996 


GET SELRSa Si AgunON 
SORES CRUISE NO. 


CALL RETRIEVE(ISTAT »NODEPTHsNPARAMs IDNs IDPTHs IPCODEs IPVALUE» 
LISTDPTH) 

ICRNST=ICRN 

IPCODEST=IPCODE(1) 


NEW RG MUSE a Se lNOT GATED EB Y  ISTAT «NG. © OR THE GRN GHANGING 
UNE WaGRULSEMGHANGED GO, PROGESSSDATAT FORBOLDSGRUNSE 
ISTAT eNEs GC INDICATES JOR DONE « IN THIS CASE THE CRN WILL NOT CHANGE 


IFCISTATeFQe0)1 93 
IFC ICRNSTeNESICRN) 394 


NEAND SoD SINN JUNE IO. Sisie IE Wenss Nis Sign 

READ OT DEST TAPE TO SEE If THES FS A STD STN 

Coe eC omni) Okeke POORER UP THE. TAPE  REWLND! AND: SipA Rul AN OT 
ti lSoeCONSECeTS NOT eA Si SiN TE INSSN=C 


READ (KRs100)NOCNsNOSN »NSSN 
FORMATS KiB C1 3ioXt)®) 

IF (EOFCKF (KR) eFQe1)596 
REWIND KR 

COMLOT es 

IF (NOCNeEQeICRN) 799 
IF(NOSNeFQeICSN) 8910 
IF(NOCNeLTe ICRN) 495 

IF (NOSNeLTeICSN) 495 
IF(NSSNeNFe0)11912 


IF ide 5S SO SIp SIN ote IF 1, IS) INSIDE, WANTED RANGE 


DOI 1969 1Tl=1 53292 

IFC ILIM( III) LEeNSSNeANDeILIM(III4+1)e¢GEeNSSN) 197091969 
CONT INUE 

GOP Ona 2 


RESERV SUE See lit BANK 

DECODE THEM IF NONBLANK AND STORE IN INPUT ARRAY IF THEY ARE INSIDE 
SPECIFIED-RANGES 

FOR A GIVEN CRUISE »STD STNs AND DEPTHsTHE ENTRY IN THE INPUT ARRAY WILL 
RETAIN A VALUE. OF 99999. IF NO ACCEPTABLE VALUE EXISTS 


DO 132 J=1sNDPK 

IF(IPVALUE(Js1)eEQe4H )13516 

CALL TRNSLTE(IPCODESTsIPVALUE(J91)s WAIT» DUMMY) 
DE CWAT I= S VALE) Si 3965.9 1964 

TFIWATT=BVAL)© 196551965913 

IF (VAL(I »Ja»NSSN) 0£Q0999990") 196691967 
VAL(ITsJsNSSN)= (VAL(I»JsNSSN)+ WAIT) /2 


nosis 


ibs) 


CNGc@ 


We 


FTAVYOAa 


CY ALLA 


21 


ane) 


23 


32 
24 
20 


26 
C 
G 
G 


G 


y= 


GO Or 1s 
VAL(T sJsNSSN)=WATT 


NCCI) "STORES THe NO OF ACGEPTARLE VALUES: CCCURTNGHAIMEA Gi sSom> asain 


NO(I9J)=NO(TsJ)4+1 
CONT TINUE 


GET NEXT (GONSE@ AND MGOMBAGCK Si DST NT GHETCK 


CALL CONTRET(ISTAT sNODEPTHsNPARAMs IDNs IDPTHs IPCODE » IPVALUE sISTDPTH 
1) 
COP TOM ks 


THIS SECT LON DOES THE PROCESSING) REQUIRED FOR EACH V@RUISE 


GET THE NAME OF THE INPUT PARAMATER 
CALL TAG (IPCODESTsIDUMsDUMMY sNAMEP ) 


CALCULATE. THEOMEAN AND. STD) DEV FOR EACH DEPTH?OVER- AUL* THE STD STN FOR 
THE CRUISE 


DO 20 J=1lsNDPK 

NEND=NO(T 9J) 

SUM(TsJ)=O656 

SUMS@Q(TsJ)=06 

DO 21 K=l»sNSTK 

LE OVINE oD sik ie) Oe 9 99919) 6))\'2 We 2a 
SUM(T »9J)=SUM(T sJ)4VAL( IT 9J9K) 
SUMSQ(ITsJ)=SUMSQ(19I)+VAL (1 9J9K)¥*2 
KLAST=K 

CONTINUE 

SUM( 1 sJ)=SUM(I»J)/NEND 

VARI ( 19J)=ABSF(SUMSQ(T »J)-SUM(I 9J) **2%NEND)/(NEND-1) 
SD(IsJ)=SQRTF(VART(1IsJ)) 

LECNEN Dh 22% 2am 


Le he RESON Pye ONs= VALUE ZORA GIVEN ESUN NEGATE" Tite VALCO 


WNT ELIS OL ILIN Sy) SONI CIE OI NTS, If 
COM TOR 24: 

SUM(T9J)=06 

SD(T9J)=06 

CONTINUE 

ICRNST=ICRN 

=I+1] 


UNLESS LAST. CONTROL CARD HAS. BEEN READ IN GO BACK 1O CET ANOTHER CRUISE 


IFC ISTAT «eFQe9) 2594 


C##¥*EXXOUTPUT SECTION ONE PAGE FOR EACH STD DEPTH SPECIFIED ON CONTROL CARDS 


C 
C 


C 
25 


CALCULATE THE AVERAGE STD DEV OF READINGS, OVER ALL, CRUISES AT sGACHEGE PTE 


DO 30 J=l»NDPK 
SUMC (J) =O 6 


(@@) 


(a) 


(i) a Ga Va Go Tan Ga 


One) 


aE 


—a4 a 


DO 31 I=1 sNCRK 
31 SUMC(J)=SUh ICCD) #VARI C19) 
AVSD(J)=SQRTF(SUMC(J) /NCRK) 


3C CONTINUE 
DO 50 J=leNDPK 


WRITE PAGE HEADING 


WRITE CPs GS) CUNAMEP IOC] ) 1 =i 9 2hs Ics EDP) 
105 FORMAT(1H199X310H PARAMETER: 2A4920Xs7H DEPTH 913/) 
WRITECLP>206) 
106 FORMAT( 8H STATICNs1C7Xs6HSTATNe/37H NUMBERs 4X1HI7TX1H3A7X1LH57X1H7 
L7X1H96X2H11EX2H127EX2H156X%2H1 76X2H196X2H2) 
28X ss THAVE RAGE s4X s 1 3HSTANDARD DEV.) 


USING iia aes Teme OVER Alia GRUTSES AND STATIONS FOR VAIGIVEN. DEPT 
CREGGEA EE Tite = NOy Croll BEV EACH KEADING LIES FROM THE MEAN FOR THE 
CRUS = UNM Grate TOGCCURS 


DO 51 K=l»NSTK 


KN=O 
BIGSM= Oe 
SOSM=i0ly 


DO 52 T=lsNCRK 
NIE I OS GH) ce Oley SIS Sieh Sts) ancy Gy 
Se MNOS Di) Ore 
GORO 2:2 
By US NANI MEE ON aE Ol ye YEP RIGIS) 
55 XNOSD(1)=-001 
VAINCT so Jisik y=—V AL Tisuis K) 
(Oy ive) Wye) 
Dio NOSD Ct H= VIN se sik) — SUM GT ad) AVS bis) 
58 KN=KN+1 


CREGU Eien Hist eAN SANDE Si De DEV ROR (EANGHie SAM KON 


BIGSM=BIGSM4+VAL(I9J9K) 
SCSM=SQSM4VAL (I 9J9K) ¥*2 
52 CONTINUE 
IF(KN=1) 59957957 
'57 BIGSM=3IGSM/KN 
IF (KN=-1) 635963360 
60 KJ=KNe=1 
SDC=SQRTF((SQSM-KNX BIGSM¥*2) /KJ) 
GOTO 65 
59 RIGSM=0. 
62 SDC=0. 
5 CONTINUE 
WRITE(LPs200)K 5 (XNOSD(T) s9T=19NCRK) s8I1GSMs9SDC 
200° FORMA T(2Ci2s 2X 11 (LXE G0 1s 2X) 9 4XF 703 94K 703) 
51 CONTINUE 
TOTALLED. 
1J=0 


CHEGUES TS OVENA Reva AMOR PAGE 
DO VO) N= ls NCR 


Ee eti re) Ore) hs he 
ie ies euch 


OOO 


CGE OG) 


70 


500 


300 


199 


50 


40 


SHSNS) 


- 44 - 


TOTAL=TOTAL+S5UM(T5J) 


CONTINUE 


POA =1 OT ALi 


WRITE MEAN FOR EACH CRUISE AND FOR PAGE 


WRITE(LP 9500) (SUM(I 9J) »sIT=19NCRK) » TOTAL 

FORMAT(8H CRUISE /s6H AVG 11(1X9F7e3) 24X9F 763) 
WRIT ECEP ss 300) CSDi i sJ))o t= lis NCR) 

FORMAT(4H SED/s4H D2V1KIa (LXE 7 <3) } 
WRITE(LP9199)AVSD(J) 

FORMAT(27H OVERALL STANDARD DEVIATION» 81XsF8e3) 


AVSD STANDS FOR AVRAGE STANDARD DEVIATION» XNOSD FOR THE NUMBER OF AVSD@S 


A READING 


CONT INUE 


DIFFERS, FROM THE MEAN WHICH DS EABEELED SUM 


IPCODEST=I1PCODF 
ICRNST=ICRN 

DO 40 I=lsNCRK 
DC 40 J=1sNDPK 


NO(TsJ)=0 
I=] 


IFCISTATeNE20)99994 


STOP 
END 
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DESCRIPTION OF STATISTICS III 


STATISTICS III consists of thirteen separate steps 
which are executed in sequence as they appear, except where 
otherwise indicated. The beginning of each step is indicated 
by a comment card (C**...}). -Each step 1s described below. 

In the first step, variables used in the program are 
declared and some are given initial values. The tape unit 
(logical unit 1) which contains the data is rewound to its 
inital -poercren. 

In the second step the control cards are read 
(subroutine READC*, not listed herewith). ‘The first controet 
card contains a two digit number, NP, which is the number of 
parameters to be analysed. This is followed by NP cards, each 
of which has information about one of the parameters. These 


cards are formatted as follows: 


position format information 
Caray & 1-2 T2 number of parameters to be 
analysed 
Card a2 1-8 2A4 parameter name (abbreviated) 
v=41 5 bo parameter code (right 
justified) 
14-18 ES position of the decimal point 


in the data on tape 
19-23 F5 inverse of increment desired 


in table output 


* 
See footnote on page 24. 


ae oes 


24-28 sR) minimum allowable value of 
the parameter 
29=33 age) maximum allowable value 
Parc 2 and following cards as card ”@. 

The nue Stepetedu. tic cata tor a twill cruise. If 
there is no other cruise on the tape, the program is terminated. 
Otherwise, all values of the required parameters taken at 
standard depths (0-2 m, 9-1ll m, 45-55m, 70-80 m, 90-110 m) are 
noted. If they are outside the minimum or maximum indicated 
on the control card, they are printed out and rejected for 
further calculations. The useful values are stored in an array 
IA(5, NST, NP): 5 is the number of standard depths, NST is the 
number of stations in the cruise, and NP is the number of 
Parameters. 

The parameters are then analysed one by one. Step 
four sets up M as the index of the parameter to be studied, and 
fills the array A(I,J) with the scaled values IA(I,J,M)/DC (M) 
of parameter M, where DC is rie scale factor defined in 
columns 19-23 on the parameter control cards. Also the heading 
is printed on the output listing. 

The fifth step accumulates a count (N), sum (S) and 
sum of squares (SS) for each statistical variable. There are 
twelve of these sums, determined as follows: 

For all stations at which values are recorded at 1 and 10 m: 

i. Vaiue at. ml 

2. value at 10 m 


3. difference of values at 1m and 10m 


Se 
For stations.at- which values are recorded at d¢m, 10 .m and 50 m: 

4. value at lm 

5 of value? ate i 0ym 

6.) ~Value. at 50m 

7. difference between values at 1m and 10m 

8. difference between values at 1m and 50 m 
For stationss at. whach.valuesnane.recerdedat:; 1. tine .0 th, poOULm, 
de TNS 

Do ne MELUC ak Dil 

10. difference between values at 50 m and 75 m 
For stations at which values are recorded at 1m, 10 m, 50 m, 
L004 ms 

Lis Values Atel 00. m 

12. difference between values at 50 m and 100 m 
To accumulate the sums, the subroutine ADD is used. 

Once all the sums are formed, step six calculates 
the mean standard deviation and standard deviation of the mean 
for each statistical variable. If no values are measured in 
a cruise, these are all assigned the value zero. 

For step seven, a rounded value of the mean (RM) is 
calculated, which will be used as the reference value for the 
centre.of.the, data. table. to. be caiculateds instep, 8... Then ait 
of the statistical results are printed out. 

In step eight, a range VLIM equal to three times the 
largest standard deviation of the twelve variables calculated 
above (for every time one or more values are rejected in 


step ll, the multiplication factor is increased by one), is 


L249 = 


calculated, and the intervals for the data table are taken 
from RM-VLIM to RM+VLIM in steps of 1/RINC(M) (where RINC (M) 
is the inverse of the increment specified on the control card 
£Or parameter M). If too many steps (over 50) are required, 
the size of each step is doubled, and the program goes back 
to step seven to calculate a new reference mean. 

Otherwise, the data values are sorted by step ten 
into an array NOBS, which contains the number of values of the 
variable in each of the intervals defined in step eight above. 
Any values falling above or below the tabulation-range are 
counted in the arrays NHI and NLO respectively. 

If any values do exist outside the range specified 
on the control cards, step eleven prints them out, and deletes 
them from the array A. Control then returns to step five to 
recalculate everything without the deleted values. If no 
values are deleted, the table of counts is printed, and the 
processing for this parameter is completed. If another 
parameter remains, control returns to step four to begin the 
new analysis. Otherwise, it goes to step two to get data for 
a new cruise. 

The program concludes when the last cruise on the 


tape has been processed. 
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LISTING OF STATISTICS i111 


PROGRAM SPAT Tht 

ae DECLARE AND INT UANERZE VAR ABIEES 
DIMENSTON VIC 12) sRMC12) sSOC12)sSDM(12) sNET (12) sNEO(1 2) 
DIMENSION NAM( 2911) >TEC11) sDEUL )siRINC (LID SRIFE (50) sNOBS (12350) 
DIMENS TON NG AIG) 92:6 Ae ei sl ANG Srsme 2191/2) 
COMMON NCTYsINSCRoNST  sNTST »9NAME (4) 9NOPCaNSNDaNTSC sNCCT 9LAT sLON» 
1 NDATsNTIMsNDOSNDsNGDsNSET sTCOD(9) sIVAL(9) 310 
GOMMON/ DATA NCTA is S(UT2 sso (72) sA\ Sia 25)'s 1 Dies 5) s TPE 24s) NOMS) 


DATA (1D = Cs 2099051 1 s45 065505 7 EOS CS S100 > 1 1010) 

DATA (IND = 19296992911) 

DATA (ITL=4H »94H 1 Ms4H 94H10 Ms4H IMs4H-10M>s 4H 94H 1 Ms 
i 4H 94H10 Ms4H 94H50 Ms4H IMs4H-10Ms4H 1%94H-5S9M94H ’ 
2 GH75 Ms4H 5OMs4H-75M94H 194HCO Ms 4HSCM—»4H100M) 

Gh OE 


REWIND IO 
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Tf a.symbolis not listed pelow, cn ie cue 
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equivalent flow per unit cross-section in the 


equivalent one-layer model of a two-layer 
System, 

components of the flow per unit cross-section. 
width of a rectangular basin. 
co-ordinates of a rectangular co-ordinate 
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time step. 
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angular speed of the; Earth. 
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ABSTRACT 


The work of this thesis involves the prediction of 
large scale motion, in the, Great,Lakes, through,the .use.of 


Compurer-Ooriented mathematrecal models. In’ the first’ part uot 
this work, a one-layer one-dimensional model is constructed for 
Lake Huron. Spatial integration of the hydrodynamical equations 


by finite-difference techniques yields the frequencies of the 
lowest longitudinal free barotropic modes of Lake Huron. The 
power spectral analysis of water level records is carried out to 
verify these calculated frequencies. 

bw feheuma May *partyot this thesis, arnumerical model, is 
constructed stor ja two-layer rectangular ‘basin of .constant depth. 
The dimensions.of the basin .are that.of a typical Great Lake. 
The sehesponse-of the basin under the ,influence of .wind,stress is 
studied. Six cases were investigated, in which the wind stress 
Was impulsive, constant.or periodic in time. The behavior of 
the basin is discussed in terms of forced and free motions that 
have been theoretically predicted by other researchers. The 
work carried out here is intended as a first step towards the 
solution of wind induced motions in a real two-layer Great Lake. 


1. INTRODUCTION 


Wind stress is one of the major influences affecting 
the dynamical behavior of the Great Lakes, and therefore also 
the dispersal of pollutants. The numerical prediction of wind- 
induced abnormal water levels (storm surges) in one layer basins 
has-been. investigated by |Platzman (1958; 1963), Welander (1957), 
Miyazakia(1965)r,;>9cdelesmianski -(1965; 1966), Hansen (1966), and 
many others. 

During the period of summer, stratification, the 
density structure of the Great Lakes can often be reasonably 


approximated by a two-layer, model.. Such a stratification gives 
rise to internal waves and related phenomena which are not 
found in one-layer basins. The analytical solution of two- 


layer basins under the influence of wind stress has been in- 
vestigated by Veronis and Stommel (1956), Welander (1966), 
Heaps and Ramsbottom (1966), Csanady (1968), and others. 
However, little has been done in the numerical solution of such 
problems in real basins. Whereas the analytic solution of an 
ideal basin will reveal the general behavior of the real basin, 
only a numerical model will predict this behavior to great 
accuracy. ‘The work of this thesis is a numerical approach to 
the problem and is intended as a first step towards the 
solution of the wind stress problem in real lakes during summer 
Stratification: 

In Ghapter2,.a discussion-is given .of.some.of jthe 
theoretical results that have been derived by past researchers, 
regarding the free and forced motions in both circular and rect- 
angular basins. Both the one- and two-layer cases will be 
discussed so that the basic differences between these -two 
situations may be noted. The theoretical results will show what 


types of motions can be expected in the numerical model. = ou 
the free modes, theory only tells us what motions are possible. 
The numerical model will show which free modes specifically 
will be excited and to what degree, under a given set of 
conditions. 

A one-dimensional one-layer model of Lake Huron is 
also constructed (Chapter 3). Whereas the two-layer model to 
be discussed in Chapter 4 is concerned with the time -integ- 
ration of the hydrodynamical equations, the Lake Huron model 
will deal with the spatial integration of these equations. 
These calculations lead to numerical values for the frequencies 
6f the Six lowest “longitudinal “free modes of oscillation. The 


results are compared to those of Rockwell (1966). Power 
spectral analysis is applied to several sets of surface water 
level data from Lake Huron tide gauge stations. Not only do 


these spectra help in the verification of the calculated Lake 
Huron free modes, but also give an indication as to which 
modes are the most dominant. 

The ideal two-layer basin discussed in Chapter 4 is 
ios 276°! Grae dfeferentrat equations are transformed into 


difference equations ana jntéegqrated it time?” AVS6™x p4“grid 
system (grid length © 7.5 Km.) is designed to represent the 
basin. The longitudinal axis -or' the basin is arbitrarily 


taken in the east-west direction, and the following six cases 

of wind stress are investigated: 

(a) eastward wind, blowing for 4 hours, 

(b) eastward wind, blowing for aL Louime, 

(c) northward wina, blowing for all time, 

(d) eastward wind, sinusoidal with °705 hewr ‘period, 

(e) eastward wind, sinusoidal with inertial period, 
and (f) eastward wind, sinusoidal with diurnal period. 

In each of the above cases, the wind is uniform over the whole 

basin. Each case is discussed in terms of the various free 

and forced motions given in the Theory. 


Z i+ THRORY 


A brief discussion is given of some of the theor 
retical results "régarding freé and forceed motions in both 
circular and rectangular basins. The developments given here 
will provide’ a sound basis on which to construct the two-layer 
numerical model in Chapter 4, and on which to base the 
discussion and interpretation of the results from that model. 


2.1 General Two-layer Hydrodynamical Equations. 


As has been noted by Mortimer (1952), CSanady« (L967)7 
and others, the temperature structure of the Great Lakes 
during the summer period of stable stratification can be 
approximated by two layers, each of constant temperature. A 
shallow warm layer lies near the surface (epilimnion), with a 
thicker layer of colder water lying near the bottom 
(hypolimnion). In fresh water, temperature is sufficient to 
reasonably determine the density. Lm fact, ;the measurement 


OL “itrcernaly motions Ws Often) carnmied out by measuring the 
variation in temperature, which is a quasi-conservative guant- 
Joy under Stabloncubaeinication Wsee Hale, 1965, p. 4): In 
this case, (che fscstemi ce (cqualjdensity) isurfacés~aré tparalite] 
to the isothermal surfaces. Thus, a two-layer model should 
lead to reasonable predictions of the large scale motions in 
the Great Lakes during the summer months. 

Consider ftthen, a two-layer body of water. It is 
assumed that the wavelengths or length scales of the motions 
within the basin are large compared with the depths of the two 
leavyers;, sOvenar’ ther ver tical’ accelerations are’ négligible, 
Also, ties pressure may, be“expressea? by thee nydrostatic™ approxai- 
mation, as 


p oo Vz: 14 (12% 15) 


ana Diy = ota wines oe gone ee de eh) ar 49) 


where z, n, and n' are positive in the upward direction. 
2t then follows :that 


1 9p _ gan (B13) 
Out ox ox 
UE Bs epee: ee (204) 
y oy 
moe Joe ot tte) en. 
nyse = ar cue t Al om (25)) 
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Dyn hey Dae hay On a c¥ 
It is further assumed that the non-linear accelerative terms 
Such as Wouy7exaare also negligible. 9 If the displacements ‘are 


not Large compared with the’ equilibrium’ depths, then’ the 
continuity equations may be written as (Proudman, 1953, p. 234) 


e) we, PRAM th) thy) C2) 
RDA ‘dar ofy walT ie 
(24,58) 
and dhe vam (hau dies om aN) 
ot OX dy 
where h and h' are the total depths, given by 
pian bull aren (2.9) 
(24, 0s) 
and iy Me ace Fa lng 


He ethe Coriolis parameter, £, ‘1s taken to be constant, then 
the equations of motion become (including shear stress) 
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These equations are similar to those derived in Proudman 
(1953, prl235) ,~.with; the, exception. of (her stress, terms...a Tne 
stress terms are similar in form to those found in Platzman 
(1963, p. 24) where the one-layer Ekman equations are given. 
At this stage,) the velocity ‘components are still functions of 
x, yy,i and z. °To eliminate the z-dependence, it is, convenient 
to) 'untegrate’ each vot the hydrodynamical equations over the 
appropriate layer and divide by the. depth’ of that, layer,: thus 
arriving ‘at»depth* mean values. For example, in. (2.11), win) 
is defined as 


n 
at{x),y) = 1 u(x,yz)dz (2c ror 
(d+n—-n") 

-d+n' 

They stress téermrin' “24. .1) ise integratedtas 

n 
L ee Gaeta euler s cq ati (2.16) 
h Oo. a2 ho x vid 


where a and (ae are the stresses at the surface and anterface 
boundaries, thus eliminating the vertical dependence of the 
stress. The interface and bottom stresses will be assumed 
negligible, leaving only the surface stress. The remaining 
equations may be similarly integrated. 
The Rossby Number, given by 

U/ES ES 
répréesents the “Patio of *the™inertial 'forces/te' the “Coriowas 
forees, where S isi’a’ léngth scale.- Csanady’* (1967) “has noted 
that within the Great Lakes the Rossby number is of the order 
of 10°72, so that the non-linear accelerative terms may be 
neglected. 

The motions may be "current-like", or if "wave-like", 
have wavelengths comparable to the length scale of the Great 
Lakes. Examples of both types of motion will be discussed. 
Non-rotating systems will also be discussed briefly, to permit 
comparison with rotating systems. 


cue UneGn layer, Non=notating Rectangular) Basin. 


(a) One-dimensional Case. : 

POL avOne ayer channel of ‘constant. depth, withwthe 
stresses neglected, the hydrodynamical equations are given by 
(eroucman, 1953) pw ree) 


an _ - h du (2% 18) 
dt ox 

and ORL A= =e, (2 23) 
ot OX 


Porea channel with bot ends closed, the boundary ‘conditions 
are 


U(Qjere (Gs) = 0 (2.20) 


A wave-like solution is given.by 


nN*=H Cos mix . COs 4zrt (2.21) 
L T 
and UsFepeohe le Sin ngsacos.21C ees) 
gr. L Th 
Wien) 1S the nodal @tyyjon the slandingiuwave. —The {period T, 
is given by 
Th = 2L/¢en C2. 23") 


n 


This is a gravity wave, because the wave speed, c, is given by 


Cty Oil C2) 24) 


(2.23) aS conmonly called Mertan's fomumulay~ The ‘criterton for 
the neglect of vertical acceleration is the smallness of 


h a /gn (2.25) 


For the above solution, this is the smallness of h/L, which has 
already been assumed small. For a narrow lake many methoas 
have been devised for the integration of the hydrodynamical 
equgticiswi2a.16). and (2.19), (see Defant, *1961, p. L6eQ=173).. 


(b) Two-dimensional Case. 

If the assumptions of the previous section are 
extended to the two-dimensional case (still non-rotating), the 
equations are (Proudman, 1953, p. 242) 


an _ - dhu - dhv (2 
ot ox oy 
aU, een (2 
ot ox 
and .8V aft 20 (2 
ot dy 
For a broad lake of width, W, the boundary conditions are 
(0) .) =12 (iin S20 (2 
and v(O) =v(W) =0 (2 


A particular standing wave solution is given by (Proudman, 
LOS Sign Dniwieied,) 


UPA Sin Mix cos Hhy- Sin 2at (2 
L W i 

Vor Becos Mx sim hity sin,gm (2 
L W T 

and n = H cos mmx cos nity cos z2imt (2 
L W sl 


where the amplitudes, A and B, are given by 


> 
oS 
| Ww 
= 


— = = 3 gTH (2 


The period is given by 
2 ee i : 
h 


Q 


(ints cyt oo) 
L W 
2.3 One-layer Rotating Rectangular Basin. 
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pee 
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34) 


aan 


With the inclusion of the Coriolis term to account 
for the Earth's rotation, the two-dimensional equations become 


aN sim a - 0d 
OM EM at (2e52) 
dt ox 
and Woes ccnp op react Chaka (2550) 
Eun oy 


For a wavelike solution with time dependence of the form 
eldt , the equations become 


ion= - coe (a5 Ge ay 
OX dy 


hv (2.50% 


iou = fy-=- g an (2.40) 
x 
and Lear bue ag om (2141) 
dy 


If h is constant, the elimination of u and v from these 
equations gives 


Oa ein call ae acne ieee (2.42) 
ox- oy" gh 
SEO NC? Ni ce (2s. 4 3) 
where k* = \07-£?2 (2344) 
gh 


and=m"r is "the Laplacian. wu and v’d@iso obey. (2.43) which is 
called the Helmholtz equation. 


(a) Kelvin Waves. (see Defant, 196%, p. 206-208) 
Consider a solution to (2.43) where v is everywhere 
zero. A particular solution for a wave progressing in the 
x-direction is 


ee SUV is (2.45) 
yarn? (2.46) 
CEC) y 
and n=aAe cos (ot-kx) Oe 07.) 
where e,= Wgh 
In this solution, the amplitude of Nvaries exponentially in 
the transverse direction. If the amplitude at one shore is 
No, then at the other shore it is 
Gt iG) (2.48) 
ne e 
The sign of the current is always the same sign as n- ‘Thus, 
atethe crest: of the wave (high water), the current os an.the 


forward direction, and the surface slopes down from right to 
tert, Lookinghin, thevdirection of «propagation... Agucne trough 
of the wave (low water), the opposite occurs. Such waves, | 
characterized by large surface displacements to the right and 
Smadlsoneseto the) left of “therdirection of: propagatiom, sere 
called Kelvin (1879) waves. 

The absence of transverse oscillations with Kelvin 
waves holds true only for channels of constant depth. Suppose 
now that the depth is not uniform and assume a solution of 


the torin 
Nis 2 cos (ct-Kx) (2049) 
u = U cos (ot-Kx) (25 
Vis a oat eee Kx) (2.51) 
Then oU = £V - KgZ (7 52} 
oV = -f£U - g3Z/dy (2.53) 
and d_ (haz) | ore ahi a apt r2 2 wa 
NOY he ooy g o Oy (2.54) 


If the. boundaries of the’ canal are at y = ta, then. the boundary 
conditions are given by 


h(oz , fk »,) = 0 (2.55) 
oy 0 
Tae -fxy y siny 
hv = k* e O (o@75) gh) Zeteiog dy (2, 56) 
oO K 
-a 
and at. yo = 2 
a ~iky (2.57) 
[@ - gh) Ze ° ay = 0 
—z. 
K 
-a 
Assuming that Z is always positive, then 
o 2 gh — lO, (2 , Sea 
ede a 


where h, is an average depth over the cross-section. If the 
aepth is a maximum near the centre of the channel and slopes 
up to both shore, there will be; two-values ofiim equal) torn, (an 


Yj] and yo. In this 'casegnve “ERY goes from a zero at y = a to 
a Maximum at iy = Yz., then toa minimumat y = Y>, and back to 
zero at the shoreline. The transverse current has a zero 


somewhere between y,; and yj, and goes in opposite directions 
near opposite shores. 


(b) Poincaré Waves. (see Defant, 1961, p. 208-210) 
Poincaré (1910) waves are also possible in a canal. 
If the depth is again, taken constant, then (2.54) becomes 


dz a (o9ef 7 = eee) (2g 
dy” gh 


The boundary conditions are v = 0 at y = ta ct 
o7-f% - K* = nt 2 i(n = .odd) (2260) 
gh 2a 
then a complete solution is given by 
-uU=A Oo cos.nt y + mg sin nity | cos (ot-Kx) (2. GAs 
Kh 2a 2af 2a 
v = -Af ie re? cos nty Sin (ot-Kx) (2.62) 
Kh 2a 
and DnFhed4COs DT y.4.70 Sine. + ¥ Cos (Gitex) (24.63) 
2a 2afK 2a : 
bh a Ty is the period of the n-th transverse free oscillation 
given by | 
ie = 4a/nc (2:64) 
and T;, the inertial period, by 
Aedes 2n/L 42). 65) 
then (2.60) becomes 
Liter TY a Gn ve Aly ith Tot as (2.66) 
1 q 
Thus, Poincaré waves are only possible if the. period, J, 1s 
less than both T, and We 
(c) Reflection of Kelvin Waves.(see Defant, 1961 
ps 220 23 t2a7 
The superposition of two Kelvin waves going in 
opposite directions does not give rise to standing waves, but 


the length™of ‘the canal, 
atthe centre "Of*thescell, 


pather sto "a -system of cells along 
Within each cell, there is a node 
The amplitude of n increases away from the centre of the cell, 
with the largest amplitudes being at the corners. The wave 
system in each cell rotates in the anti-clockwise direction. 
Such. a cellis called an‘amphidromic region (see Defant, p. 211) 
im a réctangular basin which is closed at ‘one end, “the 
value of u must be zero at this boundary. The superposition of 
two Kelvin waves results in zero values of u only at certain 
values of x. Taylor (1920) has solved this problem by adding 
to the two superimposed Kelvin waves a particular Poincaré 
S0lution for which u is exactly that necessary’ to make the 
Eetalur“attthe “end of “the basin equal ’to*° zero. ~The boundary 
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conditions on v are automatically satisfied by the Kelvin and 
Poincaré solutions. Taylor (1920) also showed that perfect 
reflection of Kelvin waves is possible only if the following 
condition is satisfied. 


(07-£7)< ght?/b? | (2.67) 
where. b is the width of the canal. (2.67) may be re-expressed 
as 

plot Mls eeemyeec it (2.68) 
(73) 124hours 


Taylor's (1920) solution is mathematically very 
elegant. Defant (1925, p. 25) has derived a simpler solution. 
In this solution, the origin of the rectangular co-ordinate 
system is taken at the geometric centre of the basin, and the 
y-co-ordinate has been re-defined so that the side boundaries 
of the basin are at y = tm1/2. The position of the closed end 
has been set to some unknown x = x), at which point the 


superposition of two Kelvin waves going in opposite directions» 
gives 


[ots [eos ay sin GX] COs Ot + sinh “ay cos x Sin 42.69) 


O 
Cc c 
and Vv. = 0 where a=f/c 
A second solution satisfying v = 0 at y = ?+7/2, and extending 
over a small area in the x-direction has the form 
as 
Vie ad Cs sin ny 
1 n (2.70) 
even n 
; =D 
and Vo = 2, Cn. cos ny re 
odd n 
where $.° =b0 jplet idawen 


To keep the exponential factor real, 

n° >ke bees 
and since the smallest value of n is unity, 

k*<1 (2274) 


Corresponding to Vy and Vv, are 


“hon oe 
UA yet 2A ae caeleos ny (2.75) 
i 
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and, Ute Ale oosin ay (2.76) 


DievelLanidteL On or) £Lrom (2.30) to (2.41) gives 


OU ale 50k SuteE oNL : Qa) 
Oya et ge ase Ova. J 
and OUST L ONT Ed OU 4 Ss 0 Waele. 78) 
oy* ore eM F3E4 gyre | 


ime, COmeLTIclents Gf sin ny ana-ecooa ny must’ vanish. | so) that 
Comet TelC tO motte N i. eure hie sf D)- and (2776) into 
(2a0 2) and) (2,78) gives | 


A, n for”’even 'n Vevey 
oa eee ea aa 
AY Yn 
A uy) for odd n (2700.0) 
n_ n 
AT n 
2! 
where p, =-£975,¢ (2.81) 
EUS) LOL tt < ye 
2 2 
sin ox cosha y => A cos ny (2.82) 
c n=l 
and sth ox © Sinhdéy? = 5 A, sin ny (2.83) 
e+ Wor 


The co-efficients A, and A' can now be determined, as can be 
n 


Sy, thevpodnt atywhich the incoming Kelvin waye is penfectly 


reflected and the u component is zero. 

TEV LOL wy O20) *computec> numétical solutions jior a bay 
with the dimensions of the North Sea. More recently, Godin 
(1965) “deel ved aacimilar solution but’ for a narrow Sea, and 
subsequently applied it to a study of the tides: in Labrador 


Sea, Davis \‘sttait) and part in” Bay Yr Pora\ivivid pictorial 
description of Poincaré and Kelvin waves (also Sverdrup waves, 
or waves with horizontal crests), the reader is referred to 


Mortimer (1963. ps 14-18). 


(d) Effect of Rotation Upon Frequency. (see Rao,1966) 

An important aspect of rotating systems is the effect 
Of rotation wpop the frequencies of .the non-rotating free _ 
modes. In discussing the non-rotating free modes, the termi- 
nology (m,n) will be used, where m and n refer to the 
nodality in the transverse ana longitudinal directions, © 
respectively. When the sum of m and n is odd, the mode is odd 
or anti-symmetric, and when the sum is even, the mode is even 
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f/Py 
(A 9 
Mode 0 0-25 0-50 1-00 1-25 1-50 1-75 2-00 2-25 
Square 
(1, 0) 1:0 0-907 0-831 0-723 0-686 0-657 0-635 0-617 0-602 
(0, 1) 1:0 1-110 . 1-235 (1-509 . 1-69@) 1-706F5 1-737 11-7395 1-730 
(1, 2) 2:236 2-173 2119 2-058  2°074 2-151 , 2:290 2-468 2-666 
(2, 1) 2.236 2-3079 92-384 °2'540 3610 2:°666 2:705 2733 2-742 
(3, 0) 3-0 2:997 . 3-012, 3-092. 3:157 3-241 . 3-347 3-47] . 3-612 
(0, 3) 3-0 — 3°057 3-181 3-263 3-356 3-453 3-547 3:625 
Rectangle (2 x 1) 
LA 1:0 0:995 0-982 0-942 — 0-897 0-876 0-857 0-840 
(0, 1) 2-0 2015 2-058 2-201 — 2-336 2-364 2-369 2-361 
(250k) 2328 2810 Brit 2726 — 2-776 2-868 2-998 3-150 
(3, 0) 3-0 3:025 3:083 3-235 — 3-402 3-483 3-554 3-615 
(1j2) 4-123 4-127 4138 4-177 — 4-233 4272 4325 4-397 
(4, 1) 4:472 4472 4472 4-489 -—— 4-556 4609 4-670 4-735 
TABLE 1. Frequencies a/v, of antisymmetric modes as a function of 
rotation speed f/v, 
f/Y1 
SS aN 
Mode 0 0-25 0-50 1-00 1-50 2-00 
Square 
(hyo) 1-414 1-405 1-380 1-313 1-253 1-206 
(2, 0) 2-0 2-010 2-038 2-131 2-216 2-251 
(0, 2) 2-0 2:022 2-084 2-293 2-577 2-902 
(2,2) 2-828 2-821 2-805 2-795 2-881 3-094 
(1, 3) 3°162 3-166 3:176 3-213 3-254 3-297 
(3, 1) 3-162 3-182 3-235 3°404 3-624 3-870 
Rectangle (2 x 1) 
(2, 0) 2-0 1-978 1-930 1-828 1-742 1-675 
(15/2) 2-236 2-266 2-338 2-528 2-732 2-896 
(3, 1) 3-606 3-599 3°584 3-547 3-542 3-622 
(0, 2) 4-0 4-006 4-022 4-084 4-170 4-257 
(4, 0) 4-0 4-013 4-049 4-172 4-342 3°549 
(2, 2) 4-472 4-478 4-497 4-570 4-693 4-865 


TABLE 2. Frequencies a/v, of symmetric modes as a function of rotation speed f/v, 


Table 2.1 The effect of rotation upon the frequencies 


of the lowest symmetric and antisymmetric 


surface modes in a square and rectangular 


(257) 


basin (Tables 1 and 2 from Rao, 1966). 
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1 
t flr, 


rectangle a/b = 2 


square a/b = 1 
a/v; 


FIGuRE 2. Frequency (¢/v,) vs. rotation speed (f/v,) for various modes 
in square and 2 x 1 rectangular basins. 


Figure 2.1 The effect of rotation upon the frequencies 
of the lowest surface modes in a square and 


wectanoilvar (2x) basin (Figure 2 from) Rac, 1966). 
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flv; 
——.sk.t 7° 
a/b 0 0-5 1-0 
1 1:0 0-831 0-723 
2 1:0 0-982 0:942 
4 1-0 0-998 0-992 
6 1:0 0-999 0-997 


TABLE 3. Frequency a/v, of lowest longitudinal mode (1, 0) as a function of 
rotation speed f/y, for various basin elongations a/b 


f/¥1 
= = aise 
a/b 0 0:5 1:0 
1 1-0 (1-0) 1-235 (1-118) 1-509 (1-414) 
Be 2-0 (2:0) 2-058 (2-062) 2-201 (2:236) 
4 4:0 (4:0) 4-030 (4-031) 4-117 (4-123) 
6 6-0 (6-0) 6-020 (6-021) 6:080 (6-083) 


TasLE 4, Frequency a/v, of lowest transverse mode (0, 1) as a function of rotation speed 
f/v, for various basin elongations. Sverdrup-wave frequency (v?+ f?)t/v, is given in 
parentheses 


Table 2.2 (The "efiecr of (rotation) upor the /00) 1) ‘and 
(1,0) surfaces modes for various basin 


elongations (Tables 3 and 4 from Rao, 1966). 
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0 0-5 1-0 15 20 2:5 
2w/v, 
FieurE 1. Frequency of oscillation (o/v,) in square and rectangular basins of uniform depth, 
as a function of rotation speed (2w/v,). The solid curves are the results of the present 
calculation: curves 1 and 2 correspond to the slowest positive and negative modes in a 
square and curve 3 to the slowest positive mode in a 2x1 rectangle. Also shown are 
Corkan & Doodson’s (1952) results for a square (()) and Taylor’s (1922) result for a 2x 1 
rectangle (J). Curves 4 and 5 show the results of Van Dantzig & Lauwerier’s (1960) 


perturbation analysis for the slowest positive and negative modes in a square, valid through 
the second order of 2w/v,. : 


Pigures..2 Tieserrecrnot foration upon the girequencies Jor 
Bhee(Opbe-and Gl (0). surface smodes..for a square 
and. vwawrectangularyw(2x1). basin (Figure 1 from 


Rag ¢ 49 6:6)! ¢ 
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or symmetric. A positive mode rotates in the same sense as the 
applied rotation, that is anti-clockwise in the Northern 
Hemisphere, and a negative mode rotates in the clockwise 
direction. 

In his introductory chapter, Rao (1966) gives a brief 
survey of past studies on this topic. Such studies were 
Garried out as early as 1903 by Rayleigh for a square sea, and 
1909 for a rectangular basin. In these cases, only small 
rotation was considered. Taylor's (1920) analysis was the first 
complete study for a rectangular basin. This analysis was 
later simplified by Defant (1925), as was discussed in Section 
Zi) Dee 

Lamb (1942) showed that for a rectangular basin 

-4 
(0? -v,7) (anus) 2 26, 6it.,...0.7, 005 (2.84) 


where g is the angular speed with rotation, and yj] and v2 

are the slowest longitudinal and transverse speeds in the non- 
rotating case. The angular speed is 27 times the frequency. 
(2.84) is also valid only" for: slow’rotation. Lamb's (1924) 
results were confirmed by Goldsborough (1931). Later on, 
Corkan ana Doodson (1952) treated the case of a square sea by 
a numerical approach. In connection with the North Sea, Van 
Dantzig and Lauwerier (1960) also examined rectangular basins. 
For a Square sea subjected to small rotation, they obtained 


O/V 5 = 1 +0405 (2/01) Qo Ege ey ieee, (2,85) 


The minus sign refers to the slowest positive anti-symmetric 
mode and the plus sign to the slowest negative mode. For a 
rectangudar,basim, with, a. léngth to width ratio Or 2, they 
further obtained 


C/V) St de = 502) 1 20.7¥ 5) * (2.86) 


Clearly, most of the earlier studies had been approx- 
imated to cases of slow rotation. Rao (1966), however, 
investigated the effect of rotation over a larger range of 
rotation speeds; in the case of a square, this was carried out 
experimentally also. 

In Table 2.1 (from Rao; 2966, Tables 1.and’ 2)\2s 
Shown Rao's results for both the six lowest symmetric and anti- 
symmetric modes, for a square and a 2 x 1 rectangular basin. 
The rotation and resulting angular speeds have been non- 
dimensionalized by the speed of the lowest non-rotating anti- 
symmetrical mode. These results are also graphically dis- 
played in Pig. 2ol (irom ikao,. 2960), big. 2). 

In Pabtle 242 ““Erom Rao, 1966, Tables 3 atidudi.o 
shown Rao's results for the lowest longitudinal mode (0,1) 
ana the lowest transverse mode (1,0), for various basin elong- 
ations. These same results are graphically given in Fig. 2.2 
(from Rao,  B96G 0 Page Wl 
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PrOURE LO ici peliancw secu that certain frequencies 
Pi ene 2erO-rotation spectrum, are. Split up.into doublets when 
TOLceLIOCNI toe pited, eCxanples are tne (0,1) and (1,0) “doublet 
PoTeemeclere Micali, ane tie uv,o) ana OU, .) domolet ina 2 x 1 
rectanguiar basin.” “It"1s curious to”°note that=the behavior 
Sn tie (1,0) mode in a squdre is), within Rao’ s computational 
SecchuLecyyNtne same as the (il,1) mode in the (r,6)"-direction for 
a cerowrar basin (see Lamb ,-93v Opn) 2.0) 2° Such teimilarity 
is not found in any of the other modes, and Rao has concluded 
that this particular. case’is a coincidence. 

An interesting feature found “in “Fig. (2:2-for othe |: 
2 x 1 rectangle is the non-monotonic behavior of some of the 
frequency curves; that is, for some modes, at certain’ values 
of rotation the frequency is the same as the non-rotating 
value,>’For example, in the (2,1) mode, this "occurs “at a value 
fol S/n Of about. 1. o. 

4 Taylor (1920) has suggested that the frequencies of 
the symmetric modes may fall in between those of the anti- 
symmetric modes. Rao's results »show that "this isinot “quite 
true, valthough tt is true for the zero-rotation, spectrum, 
Within the range of Rao's calculations, if m is constant ana n 
iS varied, or vice versa, then Taylor's suggestions are in 
this sense true. Rao féels that this may happen in general. 

From Tabvierz.2," 1t 1s to ve noted that the effect of 
rotation decreases as the basin elongation increases. In the 
Pamity tne Oscil tatlomcvare. Kelvin. waves (see. Lamb; 1932, 

Dp. 20oy7? In a very efongated ‘basin, “ore would Expect the 
purely transverse modes to approach the form of Sverdrup 
waves (waves with horizontal crests), providing the ends of 
the basin”are suffreientiy-far’away"Selas notte affectithe 
Main motion... Proudman@ (1953) pvoCls2)pgives*the Enequency ,of 
a Sverdrup wave as 


Ow ren ie te EG (3 487) 


For the lowest transverse modes (Table 2.2) Rao has also 
included (in the brackets) the non-dimensionalizea frequency 
Catctiaced Trom™ (26.7). It 18 6fear tthatias the: basin 
elongation increases, the frequency of the transverse modes 
approaches that of the Sverdrup waves. 


2.4 Two-layer Rectangular Basin. 


(a) One-dimensional Non-rotating Case. (see Proudman, 
ORY 3 Dt, Rao oa A) 


For a one-dimensional channel of’ constant depth, with 
no shear stresses present, the linearized hydrodynamical 
equations are (Proudman; 1953,fpe 338) 

2 “y-7 Yee bb Om (aq88) 


ot nee 
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Marre ae oh CA! by (2'..8)) 
ot ox 
cS aac (© BO 05 
ee oer (2109 )0;) 
and Ju! Leg te chide ates: (lero. Je tem™ (2.91) 
ot ont 4) aie O "dy O9C 


The boundary conditions are given by 
u=u' = 0 ab xml po (2, i92,) 
ie Bree Hain hoh WE? (2,93) 


then a solution for the lowest free mode of oscillation is 


NY) SH" bcos tx 7h) 1cos 620677) CZ ao 
att Who 254 Sin: w/b) tein ko2He re) G2 ont oP 
he 
Nie Sha bped.coas (nx/ Ly .eos, (ZencT) (2.96) 
B 
ana UO see vais geht! AT eI) pei ee ee) (2.97) 
a het 


Substitution of this solution into (2.91) gives an equation 
for 8 , known as Stokes' equation, given by 


ap B.” eae AL Ge REE Se, MEAN (2.98) 
hh! h' ras 
The roots of this equation are 
i 
8 = 2 (2595) 


(1 + h')+ site - edn 


L 
2 4 h oh 


h 


From the smallness of (1-p/p') wiach rs of the ‘order or OCU. 
the two. ‘approximate: roars “of (2.99) sane 


er = 1+ h'/h (2.100) 


and Gg wre ch - 0 ) h'! Peeples 
, o° heh 


Forithe) firet oct, oe (2.93) gives 


Tie 2u/ Vothth™) (2.102) 
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which dssthat given bys (2023) €er) thepsurfacefofs barotropic 
mode. With the value RB=Be) (2.94) also agree with (2.21) 

giv ieacep ror, che Surface, mode," It appears then that 
excitation of the surface mode is possible even when stratif- 
ication is present, ‘Thisymode’ is characterized: by ‘maximum 
vertical displacement at the surface. The ratio of the 
displacements is given by 


n! h! (onan 


The currents» in! both: layers. are, equal, in.,.amplitude and 
direction: 


Corresponding to Py kise the. interne] “or, baroclinic 
mode, whose period is given by 
} 
fF =n2ini, ay (dt tat) Zep OA 
Par Oa Wh x gthy 


This mode can only exist with stratification; otherwise, the 
period is infinite and the amplitude is zero. It is char- 
acterized by maximum vertical displacements at the interface. 
The ratio of the displacements in the internal mode is 


a gite (2.4 053) 


Ce ane (2.105a) 


(i), "Two-dimensional Rotating yase (see Veronis, 
bOS6 and) Csanady, 1967) 


It has been seen that the two-dimensional equations 
in the one-layer basin are much more difficult, to.solve than 
the one-dimensional equations. Veronis (1956) has employed 
a special technique to simplify the solution of the two-layer 
equations. This technique has recently been used by Csanady 
(L967), and involves the transformation of the two-layer 
equations anto anvequivalent,one-layer set. 

ho Llowang Csanady WG1967),) thenlinearizea hydro- 
dynamical equations are 


me tea) 
CRED AES 2 lee: | 9 at eee 
at x 
ieqpies rape 0 
ecu renai et 4! Fy ( ) 
at dy 
Doha hate ee, OU OV. (27108) 


aU! L. £V sgl piohtweniecghty (lop )f ant) HF! (2.109) 
ot. a2 X of} ox 
dV! Yetes ttt -Saqw pied on -eghe «1-9 )dn't EF! (2 ep tet Lh) 
t ou dy play 
and Se NT. ee oe  Apdielel kp 
tc ox oy 


where, UU"; Vip, Mii areuthe components’ eta the flow per unit 
breadth, and F,, Rag Fy and Fy are the components of the 
stress divided by the density of the =appropriate layer: 

With OF as the two roots of the Stokes' equation, 
the following transformations are defined (Csanady, 1967, 
p. 4153-4154). 


eae x v 
U; = (1 B.) U+U Goes Ia Be 
an ue ’ 
Vs = (1 B.) VV PRs ie 3 
2.114 
and .amgi sudle Badly Cheney tens ( ) 
where i= 1 or 2. The depths are transformed as 
hy = (loo (2.2 
ae BEST] Tkgett 
0 Bs 


so that the equivalent depths are 


hy) = h +h! (2.216) 
and he =. (l=9\) Bay 
O°. “heh Cea ues 


The stresses are transformed as 


ae e. t 
Fee as ‘has B.) ie + Fy (2 AULT) 
and similarly for (., and Fhe: Forcthe titee modesi,) these asitress 
are set to zero. Under these transformations, the six 


Original equations are transformed in to the following 
equivalent set of three equations. 


aU. = £V, = (gh. eo. (2.119) 
cae ab 1 yxt 
BV Vou tU i bait gang p2.120) 
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and SLD eck iin) Piha BA Crea 
Ree oor, yy 
fiiist set 15 50 lvredirror 2 827) vand 20 ='2,"giving*two sets of 


solutions. The two-layer solution is obtained by the following 
inverse transformations. 


y= (h'ng + bon2)/(hth*) (25 oe) 
n =n - eo Ne hh? Ate")? vieer 
U = (U, - U2) h/(hth') (2.124) 
U' = (h' Uy, - hU2) / (hth') (2.125) 


V and V' transform in the same manner as U, U'. 


Hama recular Basin 
a) One-Layer Non-rotating, Free Modes. 
SeeeLano, Foe, De2o4—287 ) 
Lamb (1932) has investigated the free modes in a one- 
layer, non-rotating circular basin of constant depth. The 
transformation to polar co-ordinates is given by 


ae Ecos. y= 4 sin @ ee OF 
where r is the radial co-ordinate and 9 is the azimuthal 


co-ordinate. When the time dependence is of the form 
cos(ot+e), the wave equation for n becomes 


37n To ote ok. een k?n = 0 een) 
pp One Ore ee aera 2 er 
ok: 
where k-= C2 le | 


gh 


The solution of this wave equation may be expanded in a 
Fourier series with terms of the form 


Ziv ke 
f Gai. sins Se See we 


where s is a non-negative integer. This leads to 


2 an eg | 
feb par = Peery + (ks —>) f(r) = 0 ( 
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which is a Bessel's equation. A solution for the various modes 
for witch 1 LS. Dani te eien gry em: py. 


s cos) (2 x31} 
n Agiths (kr) art S@ cos ( Otte) 


The values of k, and thus ofo , are determined by the boundary 
condition 


on (AatsZy 
— = 0 AC ie se" 40 
or 

where a is the radius ‘of "the circular’ basin ,«$“ Thus, k “is 


aetermined by 


J. ' (ka) = 0 Zan oon 
For the case s = 0, is symmetrical about the origin 
ana has annular ridges and furrows. The lowest roots for 
s = 0 are 
heremiveying) 
= Ei ROR, 2, opieteri hd eter rile 
Or (2 oS 53 
= a anal A) Ge wile bale, 
The values of ka/w tend to -m * 4, where mis an integer. For 


the m-th mode, there are m nodal circles, with the radii 
given by 


se OK ien 0 (Er L3G) 


; | ep takclh; 
oe A = 0. 765 SO 187 57 RO} SEHR 


When s>0, there are, in addition to the nodal circles, 
also s equidistant nodal diameters. In (2,131), the cosine 
and sine may be substituted by cos s(Q@-ds), where sy ig an 
arbitrary phase’ lag, The modal diameters are given by 


r = + 1 ea ws 


The frequencies of the normal modes given by sin s@ and 

cos s@ are equal, unless the boundary deviates from its exact 
circular shape. The symmetrical moaes correspond to even s 
and the anti-symmetrical modes to odd s. For more detailed 
information; see Damo [b9s27 po. 207-290). 
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(b) Oneslayer Rotating, Free,sModes. 


Pea. tI 32 6 Oy 320-3522 ) 

Lamb _(1932)\.also investigated the case of a circular 
basin rotating at speed w. If the azimuthal dependence is of 
the form erat) then the wave equation for n becomes | 

anew! ott 5¥ wet aes (2.139) 

by Kens a e 
Treat @liet bah re) hie 
where pov seek. VAs (2.140) 
gh 
The boundary(conditioneis 
(22341) 
ee elas 2sW nN _ g 
it O 


Boauation (2.139) as also a Bessel"s equation, and a solution is 


ee RT ee et (ot+s6) (2 51424 
Sis 
inathisipcase...¢ - may be either positive or negative. For 
negative «* , Jg(«kr) must be replaced bv I. (kr), where « 
is the positive square root of (4w* - o7)/gh and I_(z) is 
S 
the Bessel's function of imaginary argument. 
For pesitave <)tand 6 = Ogethen: (in) reads form) 
ere SI (Orie coe. i iO- te) fo ae) 


where K is given by 


ne (ka) = 0 (2s 


Tne tree surface nas the same form as» in the zero-rotation case, 
but the frequencies are now different. 


Lf ¢ 7x2 gh and. g= dusfa 260% (nl Sl) 
then g*a*/ 2 = k7a7+p? Oe TD) 


For the case so 


2a) 
Mawel. lamiacoe f.ct tee205+ €) 
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The allowable values of xk and s are given by (2.141) which 
becomes ; 


Kate een ar Beis (ka) = 0 (2.148) 
Ss .% 5 


Lamb (1932, p. 322) gives a technique by which the values of o 
may be graphically estimated. 


(c) Two-layer Rotating, Free Modes. (see Csanady, 
L9C7)-. 

Recently, Csanady (1967) has investigated the free 
moaes in a two-layer circular basin of constant depth. In 
solving the two-layer problem, Csanady transformed the 
equations into an equivalment one-layer system,.as discussed 
in Section 2.4(b). The wave equation for the-equivaient 
Gisplacement is given by 


2 (2% 149) 
a Thal selina apy + Lento eHo 
ewe at iB 1 
ot 
If the solution is assumed of the form 
iot é . 
De Faye He V9 (27150) 
then the wave equation becomes 
ee ee) 7e. 1 1, are (2.1559 
which is again the Helmholtz equation. The boundary condition 
is given by 
2 
OL Ty = alee (2.152) 


at the shoreline; n and s are the normal and tangent to the 
Shoreline. For a circular basin, polar co-ordinates are 
ae Tf n, is periodic in the azimuthal co-ordinate, 
then 
ld 


fixie en ene) (2.153) 


where n is an integer. (2.151) now becomes 


2 
aGoo7 md He n- G=o0 CAL TS) 
2 


Q 
5 
Q 
ined 
5 
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Two solutions to this equation are Kelvin and Poincaré waves. 
Csanady (1967) distinguishes between the Kelvin and Poincaré 
modes accordingly as o| is less than or ‘qreater than f. 

For the Kelvin modes, with |o|<f, the solution is 


L 
G (eae het [esate 5 (22 aieGa 
rsotiMiskter My | 


where lash) asddqe (Ak) ax Kn 2 (2:156) 


The boundary condition (2.152) gives 


or ohn +emifolt Se0 (Zier 
ar a ‘rc 
which gives the permissible values of g. If B (not to be 
confused with the roots of the Stokes' equation) is defined as 
= #3 2 2 
B f ry /c. (Z EUSe) 
then-rorreach azimuthnar mode irr ="OFVrD, fae. o00, ) there exists 


one Kelvin mode if 


B >n(n+1) a 
Prom’ (2.157) /@rf’n = 0, then © =0. This zero-fréequency mode 
is given by 
G(r) =A Ty (fr/c;, ) (76 Oh) 
For the n>0 Kelvin modes, (2.157) gives 
eee = = (2) LOds) 
GE THON) 3}, OU, Bhd rel £ eye oT 2 ei 0 
ci 0 eee 
: fo) 
which shows that °% is negative. Thus the’ Kelvin modes are 
(2a 62) 
be ot (notot) G(r) 


and rotate only in the anti-clockwise direction in the 
Northern Hemisphere.-. 

For the Poincaré modes, that is lo|>£, the solution 
ro (elo) eS 


vane .* 
G(r) = AJ, (—-—  ) 


The frequency equation (2.157) becomes 


(27.26.39) 
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(2.164) 
3 rdJ_ te nfJ, mA 


Eigesewrnt: (9 


The-Poincaré solutions for the.ny.surface jare cellular, with 
undulations in both the azimuthal and radial directions. 
Whereas the Kelvin modes rotate only in the anti-clockwise 
direction, the Poincaré modes may rotate in either direction. 

The case. of |: ic Ie corresponds to the inertial 
oscillations, in which the currents are circular but the 
displacements are zero. 


(d) Two-layer Rotating, Forced Modes. 
(see Csanady, 1968) 


In a subsequent paper, Csanady (1968) investigated 
the forced response due to wind stress in his (1967) circular 


basin. -“-In'‘his“first- case; a*constant’ (in time) Wind stress*is 
considered, given by 
aie a (2.165) - 


If an equilibrium slope could be achieved, the mean surface 
would be described by 


wigs 2 OMS ee eg (2.166) 
OX 


In polar co-ordinates, this is 


— F (2.267) 
n = ae m™ cos’? 


Providing that the lake was at rest at time zero, then the 
integrated vorticity is given by 


oV dU (2.168) 
C me ages 


However, at equilibrium, U =V =O, and thus n must also be 
zero. Therefore the equilibrium slope of (2.166) cannot be 
achieved. Instead the Earth's rotation would set up a quasi- 
steady circulation. 

Csanady gives a solution, which also conserves vort- 
Leityy as 


FY 9 Li (r/7R) 


= Poo Sool he 2.0 L628 
n pap Ti(roJR) COS o ( ) 
where R = c/f is Rossby's "radius of deformation". The flows 
corresponding to (2,169) are 
2 
are 3 — 
U= no dy (n n) (2.170) 
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a 
and pLLipest wn: ee (2s Iain 


where 7) 1s given by (2.166). It becomes obvious that U and V 
can be derived from the stream function 


2 re 
i= (n = n) (2 ial 728) 


The boundary conditions make it necessary that the boundary be 
a streamline. If ¥Y at the shoreline is arbitrarily set to 
zero, then 


fee at) i ri cos ¢ “at rrrrrg 2441. 7-ay 


so that the corrected stream function is 


ep ie <4, Pye(y/R:}) ie (2Qe.clhpt) 
iif HES r| S°Rs 
Under (2.174), vorticity is conserved and the surface stream- 
lines now consist of two gyres, one each in the upwind and the 
downwind halves of the basin. The downwind gyre rotates anti- 
clockwise, and the upwind gyre rotates clockwise. 

Csanady (1968) also investigated the case of a period- 
ic wind, given by 


Fy = F cosot m7 = <0 C2 el 7.53) 


At low frequencies, the forced response is given by 


: eA 2 cos (¢t+ot) 
peli (ro/R*) + sii (ro/R*) 
n = £32 1) (r/R*) 
I=) £76 
. ra cos (¢-ot) 
peli (ro /R*) ~ w1i (ro/R*) 
where fe lite 


R* = R (1- Se) 
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This: solution is a rotating seiche. Te thetmultipliers of 

the cosine terms inside the brackets of (2.176) were equal, a 
standing wave in the direction of the wind would result. 
However, in’ general: they are not equal and.a rotating seiche is 
also produced. As o > 0, the rotating pattern vanishes, 
leaving only the cos ¢ cos 5 t pattern, which is the same as 
the: Steady state solution for a Constanw wind. 

Note that the denominator in the second term inside 
the brackets of (2.176) is identical to the frequency equation 
for the slowest Kelvin free mode. Thus as: the forcing fre- 
quency approaches that of the Kelvin mode, resonance occurs. 
At “higher values OL @, Dut still with Cabs the standing wave 
pattern becomes sin ? sin 9 t, in which case, 1 is a maximum 
90° tol ithe right-of ‘the wind, 

For |Oj> 1 the -solution.i¢ given aim. terms of Bescol 
functions of real rather than imaginary argument. In this 
case, the denominator of the solution is identical to the 
frequency equation for the Poincaré modes. Thus, the system 
approaches resonance as the forcing frequency approaches any 
of the natural frequencies of the basin. This equally applies 
to the barotropic frequencies. At the same time, proximity to 
any of these natural frequencies may result in the excitation 
of the free modes themselves. Csanady (1968) cautions that the 
motions discussed above may be modified by friction, and poss- 
ibly in a manner unlike damping in a non-rotating system. 


3. FREE OSCILLATIONS OF LAKE HURON 


3.1 Calculation of the Free Modes. 

A one-dimensional model is now constructed from which 
the free surface modes of Lake Huron may be calculated. ,[t 
is expected that contributions from these free modes will often 
be present in surface water level data, so that the deter- 
mination of these free modes will be of use in the processing 
of such data. This work will also demonstrate how the use of 
a Simple model may give useful results, without involving the 
complex mathematics of a two-dimensional model. 

The most serious objection to the use of a one- 
dimensional model is the neglect of the Earth's rotation. How- 
ever, it will’ be: seen: that’ the’ period T of the non-rotating 
longitudinal surface seiche of Lake Huron is about 7 hours; 
the inertial period AE) tS ADOUt 17, nours, ‘so that sa is 


roughly 0.41. If Georgian Bay is neglected, the length to 
breadth rathowel LakewHuron is certain: at cleastiah; ves nobis 
large as 3. From Rao's (1966) calculations (see Fig. 2.2) the 
effect of rotation upon the lowest longitudinal mode .is less 
than 1%, so that rotation may be safely neglected. 

The one-dimensional hydrodynamical equations, subject 
to the assumptions of Section 2.1, and the neglect of the 
Barth *s rotation Acapey(Proudnman)) LOSsyeier 1225) 


Ge ae 
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and Seay Wie | (3020 


Pika OX 


where the depth has been taken constant # With the longitudinal 
axis of the lake in the x-direction, the boundary conditions are 


Thre ion ie eee ( StS) 
For basins of variable depth, many methods of numerical 
solution have been developed (see Defant, 1961, p. 160-173). 
The method used below is a direct spatial integration of equa- 
Pons «(4 )o sare. (3.2) 5 In recént years, this 
method has been used by Platzman and Rao (1964) in the study of 
the "free ‘modes of Lake Erie, and by Redfield (1961) in the 
study of tidal co-oscillations in Lake Maricaibo. 


As suggested by Platzman and Rao (1964) and Redfield 
(1961), the free modes may be expressed in the form 


Oy (eeeat las Onl aC wentane C., ot See 

me Cx} 2 (x) CUS mot hota) 
so} thashts.1) and (3.2) «become 

80. 02 (3.6) 

ae 2, = 0 (oe 


where Q and Z are now only the x-dependent parts of the 
SOLULCON. Tro ractertartestne imtegration of-16.6) and (3.7), 

the basin must be divided into a large number of cross-sections, 
soi that the \basin now consists of a’ large number of short 
channels, within each of which the breadth and depth are 


constant. In-the following equations, OF shall refer to ; 
Q[(n-1)4x]Jand ertrleriy for 2. The; factor (nel) 18) 1ntreduced 

to ease computer\programming. The central difference approx 
imiatioin to. Lowest crder, of thengradients can be. written,.as 

3 

sen = [Qn¢1 - Quaal/ 20x (3.8) 

OZ 

sqntl = [2nt2 - 2n]/24x ig) 


BO that (3°°6)and’ (3.7) become 


(S220!) 


Oe ae Car ees 2 Ax ob 2. 
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Figure 3.1 The one-dimensional grid system employed in 
the, calculation,.of ithe. free» longitudinal 


surface modes of Lake Huron. 
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Figure 3.2 The longitudinal profiles for the mean depth 


(dashed line) and breadth (solid line) of 


Lake Huron. 
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(3), 
Z 42 = Zo Toe iO: Qe 
& 
nel 
For convenience, let n represent an even integer, and let n= 1 
define the cross-section at one end of the lake. [it /e5: Ts 


knowns (Ogmas “2zero), then. the wseon (3.10); gives Q3, (3.44) 
gives Z4, (3.10) gives Q., and so forth along the entire length 
of the basin. In this manner, Z is calculated at even-numbered 
grid points and Q at odd-numbered ones. Such a grid system is 
similar Lo. the’ Rp-Rachardsondattice (see Platemang A902, 
p..34),-and..is..logically...called-“step-over-dififienencing”,-or 
more commonly, the "leap-frog method". 

For the integration procedure, Lake Huron was divided 
into 71 cross-sections (from Canadian Hydrographic Service 
Chart No. 2200): The north\jend ‘ofthe lake was set atim= Vi 
and theysouth end at n= 71, with aioridrepacing of 4.00 miles 
(see Fig. 3.1). In this schematization, Georgian Bay has been 
neglected. The breadth and depth are shown in Fig. 3.2. ‘\It 
is assumed that the flows into Georgian Bay will not seriously 
alter the longitudinal free modes, although this may not be 
true for any. transverse modes. At; the two ends of the? lake, 
the flows” through the! St. Clair River and Straitsiof Mackinac 
have also been neglected. At the time of these calculations, I 
was not aware of Rockwell's (1966) determination of the free 
modes of each of the Great Lakes. His results show that the 
neglect of the flows at either end of Lake Huron does not 
affect the free modes by more than a few percent. On the other 
hand, the presence of Saginaw Bay will be taken into consider- 
ation. 

For the main part of Lake Huron, the +n-direction is 
taken as the +x-direction. For convenience, the +n-direction 
in Saginaw Bay will be taken as the -x-direction; that is, n 
increases from the head of the bay, so that in Saginaw Bay 


es (3.12) 
The boundary conditions are 
1 
QO, = Qe Rg OP (3.43% 


The water surface must be continuous at all times, so that 


it =D Cee) 


At the junction at "the mouth of Sagunaw Bay, the continue 
of flow is expressed as 


O57 Ree Cee od meee mea aa 
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where Q5 is the total flow incident upon the cross-section at 
the’ Function: 

errnice (3210) -and'(3l-))—are~lLinear~equations-;-the 
amplitudes OL the tree osciilavions may be arbitrarily set. Q71 
Peeel oO, anda no wes Sot tLO wnitemelgne. (3.10) and (3.11) 
may now be used to obtain values of the variables up to and 
including Z,4 and Qj. However, Q}3 is an unknown. Platzman 


and Rao (1964) continue the integration into Saginaw Bay in 
“continued-fraction form" (see Platzman and Rao, 1964, p. 364). 
I personally feel that sucha procedure is tedious: it is not 
Particularly practical ifthe secondary channel is.long.,, At 
this point then, I deviate from their procedure. 


For Saginaw Bay, the difference equations are 


1 = ! a ! ! 
Mame Pte 2Axob? Zh 63 nL 6) 
a, ! 
and Z 4? = Zo 2D hx - ey C3P Fe) 
! 
Atel 


25 is zero and Z) is arbitrarily set to unity. Repeated use of 
(3216) and“(317)" vytetds’values*up-to-and~including Q33 anda Ziq, 


which shall be designated the intermediate solution. Since the 
system is linear, the intermediate solution may be multiplied 
by fa constant; specifically, this constant is chosen to, be 


Z, (3. 0 ) 


52 / 214 


Hts COrrVegLed <Ol1Nt lon. sacisttes: the condition (3.14). . With 
the correct value of Q}3 now known, the value of Qg3 is obtained 


from “(3.15)>,-and-“the-integration -can-now~be. resumed.-for..the 
remainder of Lake Huron, ending up finally with a value for Q54: 
Nothing has been said about the frequency, O> 

yet; the boundary. conadveion' otro frow at n -=71 must also be 
satisfied. The establishment of the free modes consists of 
finding those Values of © for which this boundary condition is 
fae tetieds Initraliy, calculations are carried out for; a iset 
of coarsely spaced values of 0 . The approximate behavior of 
Q7, is displaced in Fig. 3.3, from which the approximate zeroes 


may be estimated, either graphically or by numerical interpol- 
ation. Repeated trials with finer spaced values of o in the 
neighbourhood of these approximate roots will eventually yield 
the frequencies of the lowest free modes to the desired accur- 
wee 1 tie actual caiculations, three trials™were sufficient 
to estimate the roots to within +2 in the 4th significant digit. 
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LAKE “HURON CALCULATIONS 
wide VS. oO 


( First Approximation Only) 
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Figure 3.3 The value of Q54 versus frequency calculated 
in the determination of the free modes of 


Lake Huron. 
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The frequencies for the six lowest modes are given in 
Table 3.1 below, along with Rockwell's (L260) 7 values’. 


see ee 8S TN a holes es EA eli) a Sa ae 
meee mem he 
TABLE (3%1 


Longitudinal Free Modes of Lake Huron. 


m ao T mt : ee 
-4 6 3 R 
(10 /sec) (he) (hr) Ort /,cec) (hr) 

1 2e500 6.98 6.98 -0.33 6.49 (6.71) 
2 3hoO22 4.96 Oe 92 2024 457.4: 30) 
3 4.964 Soe PUL 52 -4.86 3 Poy Pea 
4 64378 2.14 10.94 -1.18 2.60 (2.66) 
Heke ae LO 2046 bP ghee 4 (2G 
6 S10 Do NES neo Meee: 8 FOL0'4 

- flow at mouth of Saginaw. 


xs Rockwell's (1966) results 

=—-frrsetrvatue*sStraits) of Mackinac -open-~ 

- bracketed value-Straits of Mackinac closed. 
“*_" 5th mode was estimated only. 


The flows and displacements for the free modes are 
shown in Fig. 3;4 and 3.5. Rockwell's (1966) results’'show that 
the flow through the Straits of Mackinac do not affect the 
results by more than a few percent. As the nodality increases, 
the neglected flow appears to be less important. 

Comparison of Rockwell's (1966) and my results shows 
differences of up to 10%. These differences are principally 
caused by differences in the depth schematizations. For my 
model, the mean depth is 198.5 feet and the mean square root 
of the depth is 13.64 feet. From Merian's formula, given by 


cece (3.19) 
oan 


these two values lead to periods of 10.28 and 10.62 hours, 
respectively, for the lowest mode. In comparison, Rockwell's 
model has an average depth of 65 meters, giving a Merian period 
of 9.77 hours, which is 7% less than my mean value of 10.45 
hours. 

From Table 3.1, it is seen that the period of the 
lowest mode is much less than the Merian period. For the 
higher modes, the value of mT is close to the Merian period. 
From these results, and those of Platzman and Rao (1966) and 
Rockwell (1966), it appears that the use of the Merian formula 
gives reasonable predictions for the free modes of a lake of 
variable depth, with the exception of the lowest mode. 
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Figure 3.4 The configuration of the surface displacement 


for the lowest free surface modes of Lake Huron. 
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Figure 3.5 The configuration of the depth mean flow for 


the lowest free surface modes of Lake Huron. 
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Saginaw Bay is open at one end and closed at the 
other, thus acting as a one-quarter wave resonator; higher modes 
are 3/4, 5/4, 7/4, etc. A free mode or standing wave would 
consist of a flow field with a node at the head and an anti- 
node at the mouth of the bay. The displacement, on the other 
hand, would have a node at the mouth and an anti-node at the 
head of the bay.-. In general, the oscillations.-in-Saginaw. Bay 
are forced to co-oscillate with those in the main part of 
Lake Huron. If the frequency of the Lake Huron motion tends 
to those of the free modes of Saginaw Bay, then the flow at the 
mouth of the bay will approach an extremum in that locality of 
the frequency spectrum, and the presence of Saginaw Bay will 
have a marked affect upon the Lake Huron modes. 

The periods of the free modes of Saginaw Bay may be 
estimated by the following modification of Merian's formula for 
ai quarter 7waver7esona cor. 

4L 


: ip (2m-1) en a Mt Bie Aas a”. ee (3. 20) 


If the average depth is taken to be 23.4 feet, then the lowest 
free periods ‘for Saginaw Bay, age’ 10.80, 3.43, 2406;,-and 1.45 
hours. “Rockwell (1966) obtained tvalues. of. 10.07..3.32, and 2.3L 
hours by numerical integration. It 1s seen that the third and 
sixth Lake Huron modes, with periods of 3.52 and 1.97. hours, 
respectively, are almost in tune with the second and third 
Saginaw Bay modes, with periods of 3.43 and 2.06 hours, 
respectively. The flows at the mouth of Saginaw Bay are 
included: in’ Table 3.1. ° Indéed, the third and sixth Lake Huron 
modes show the largest flows going into (or out of) Saginaw Bay. 


3.2. Computational. Berens. 
The central-difference approximations to the gradients 


given by (3.8) and (3.9) were derived from Taylor expansions 
whose errors, E, to lowest order are given by 


Es aaliee (ox) = [Q, 2] | (3 2a 


For the free modes, the solutions have the following general 
form (in complex form) 


OZ. terexpal tena gx / i) (34224 


so that (3.21) becomes 


)3 (3.220 


Thus, ALS). 9 i ange) Se OWA ica CRU MAG a Re ue 
OR) ans aT ae 


Each of the equations (3.10), and (3.11) are integrated about 
35 times each, so that the maximum possible accumulated error 
is 


E [Qzajom. Eeiowd b +3 2% 
U/ OV Gwe. Seo x LG nN C3. 25) 


For the five lowest modes of Lake Huron, the relative error in 
OT eA BOF TSU dU Op Ore Oks p00 12.0%. 
This is not to be misconstrued as the error in the value for 
the frequency. 

In Table 3.2 below, values of9O and Q7) for the 
second and third determination of 9° for the fourth mode are 
given. 


TABEER 13.22 


Determination of the Frequency of the 
Fourth Free Mode for Lake Huron. 


Oo (radians/sec) Q44 (Po Y cac) 


cs os (iy =4,43 x 10° 
Second Determination 6.4 Poe 6 

62.5 6 2:67 

Go ATO tel Gat -4.40 x9 107 

S335 -1.56 
Third Determination 6.380 * Az 

Grigio 8 Fa 210 

6.390 76.93 


The tmaxdmumeva Lue HO£N0.( x) Pista bouts3.% 10° ft>/sec. Prom lable 
3.2, interpolation would determine the value of o to within 1.5 
units in the second digit, so that the maximum possible error 
for the frequency of the fourth mode is at most 2%. Since the 
actual errors may goccur in, a sinusoidal fashion, thevernroryin 
the frequency may be much less than this upper bound. 

The error given above is only a measure of the compu- 
tational error. There are many errors inherent in the model 
itself. The neglect of the Earth's rotation has already been 
mentioned. The schematization of the lake is also subject to 
error. Curvature of Lake Huron and the resulting centripetal 
acceleration has also been neglected. Despite these and many 
obhen eurons, tthe Ssesulbtsedo :lookereasenable. athe: calculated 
frequencies will be further checked in the next section. 
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.3 Power Spectra of Lake Huron Water Levels. 

Power spectra of two sets of water level data will be 
presented here. The two data records are from the tide gauge 
stations, at. Poant Edward and Goderich (cee Figs 3.1),.Whiecm are 
maintained by the Tides and Water Levels Section of the Depart- 
ment of Energy, Mines and Resources. The duration of the 
records that are analyzed is for the 4 summer months June to 
September, 1966. 

In providing a brief theoretical background for the 
calculation (Oto Enese power. Special shall, only wea love 
finite’ lengtn Grecrere-Time Gata, (Blackitan, 190, Dp. 193-147). 
For a more comprehensive treatment, the reader is referred to 
Blackman. and Tukey- (1959) ,-Mank; Snodgrass, and ‘Tucker, (1959), 
and Multer* (1966). 

Consider a>data° record’ consisting of no+ 1. consecutive 
values of X(t), sampled at regular intervals of At , given by 


SX ee ea oe x (3.26) 
lo» 2 3 y 


The Mean lagged products, C 
where AT=hAt are given by 
l n~hr 
Cr at ae fe Nagi ses 
with r up to some maximum m. 


or computed at intervals of AT, 


(oud) 


The choice of m will be discussed later, but certainly m< n/h 
If there 18-m0 drift in the data, and the mean is.zero, 
then the raw spectral density estimates, Vs, are given by 
(Blackman, 1966, p. 144) 
m>1 
Vac] Soe tou COS Sit (FAbe oo. 1. Cae SieeieT (3.28) 
- rot * a 


Smoothing of the Vo gives the refined spectral estimates. The 
most common methods of smoothing are hamming, with weights 


Oc oy ies ang C.25 fee eb 
and hanning, with weights 
One Sy 0.54, end Ose 35 ee eae Lb, 


with the restrictions that Vij =" Vj and Vo = **n. 1" 


For example, the hanned value of Vio is 
0.25 Vo 0.50 Vio 0.25V), (30 Baz 
Bfeonly iRanningeorvhanming, 1S applied, the Stability Of Tae 


refined estimates is roughly that of a chi-square on k degrees 
of freedom (Blackman, 1966, p. 149), where 


K soe DER oak 
mA Tt 3 


(3.323 
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This shows that the analysis of one long record is more stable 
than the analysis of several shorter records of the same total 
duration. 

The 80% confidence limits may be expressed as 
(pieckman; 4706, >) 150) 


Z pie ih 
[SkoT & ae | decebelss Tor ki gn3 (34233 


Por gene 90796, and 98% centidence limits, the leading factor 
OLVie. oO MUStsbe changed tovl0.0,.12.6, and 14.3; respectively. 
Thus the confidence limit gets smaller as k increases. General 
accepted procedure; is to have the maximum lag no larger than 
peuo US (Orimine (total record length, so that k.is{large. 

For the gata analyzed here, the mean isi subtracted 
Lroimeach’ reading,sgqiving amzero mean, for the Fecord. «~The 
adrift. as™~onily several tenthe/of aproot. Itijgtsgan) dnnval 
variation, and will only affect the very low. end of the spectrum. 
A method of correcting the drift is given in Blackman (1966, 
ee a ie 

The data should be sampled at an interval At such 
Enaweey At tev epligact twicelthe highest Significant frequency. 
ipowet, “altasing ~ Ur overlapping “of the side bands" wil 
occur (see Blackman, 1966, p. 19), in which case power at higher 
frequencies is folded into the lower frequencies. The optimum 
frequency resolution is given by 


Af=1/mAT (3.34) 


It is not necessary to take AT=At but4 t should not be much 
smaller than At so that an unnecessary number of measurement 
is avoided. 

The recora tlengthyot Whe tdata’ to be analyzed issi20 
days, or 2880 hours. “The sampling interval was 1 hour, andAt 
is also set to this walue. Thus peryodicities as low as 2 
hours can be measured without the danger of aliasing. The 
maximum lag, mAt was set to 120 hours, which is only 4.2% of 
the record length. This gives 47.3 degrees of freedom, and 
therefore fairly stable spectral estimates, since the 90% 
Confidence Limits are only, 1,56 and? -1.20\decibele.“Y The 
maximum frequency resolution is 1 cycle per 240 hours. In the 
vicinity of the lowest Lake Huron mode, this gives a resolution 
in the period of about 0.22 hours; for the higher frequency 
range, the resolution in the period is even finer. 

The data from Goderich and Point Edward were analyzed 
by the method described above, and subsequently hanned to give 
Pie refined estimates, which are plotted in Fig. 3.6 and 3:7. 
In view of their'stability (47/3-idegrees, of freedom), I have 
not included the confidence limits in these two diagrams. Even 
when the spectral peaks are less than the confidence limits, 
which is not the case here, if the peaks are theoretically 
predictable, then if they occur consistently at the same 
frequencies, they are at least of physical significance, even 
ic no. Of statistical, significance, 
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POINT EDWARD WATER LEVELS 
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Figure 3.6 Power spectral estimates of Pt. Edward, Ontario 
water levels for summer, 1966; length of record, 


4 months. 
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POWER SPECTRAL ESTIMATES 
GODERICH WATER LEVELS 
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Figure 3.7 Power spectral estimates of Goderich, Ontario 
water levels for summer,..1966; Jength iof 


Tecora, 4 months. 
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Goderich lies at cross-section n= 55 of the Lake 
Huron model, whereas Pt. Edward lies at the south end of the 
lake, so’ that Pt. Edward as “alwdys at ian tanti-—node gorythe 
surface displacement for the longitudinal free modes, while 
Goderich is near an anti-node only for some of the much higher 
free modes. ; It is therefore not surprising that the energy 
level of the Goderich spectral estimates is much lower than 
the devel (ob the Pt.” Edward opectra. 

For, the.Pit..,bdward, spectra ,(Fig. 3.6)) there 4s a 
faint peak at the inertial frequency. Power is also found at 
the frequency of the Mo, the major lunar constituent of the 
astronomical tide. Strong peaks are found near the frequencies 
of the first and fourth Lake Huron modes calculated in Section 
3.1: > For ‘the first mode, the frequency as equivalent peo a 
period of 6.67 hours, which lies between my calculated value 
of 6.98 hours and Rockwell's (1966) value of 6.49 hours. Lesser 
peaks are also found for the third and fifth Lake Huron modes. 

The Goderich spectral estimates (Fig. 3.7) behave 
Similarly to the Pt. Edward estimates, except that the energy 
level is much lower, and the inertial peak is stronger than 
that\in the Pt. Edward spectra, 

Many other peaks are also founa guns both! spectra.F. some 
of these must undoubtedly be related to the many possible trans-— 
verse free oscillations in Lake Huron. Another source of 
energy is the many variations in the meteorological parameters, 
wind and atmospheric pressure, but there is neither time nor 
Space to delve into these. In general, it appears that thetone— 
dimensional model of Lake Huron, even though it is a very simple 
one, has nevertheless predicted the longitudinal free surface 
modes of Lake Huron quite well. The difference between the 
calculated periodicities and those,found inthe power spectra 
of the water level data was only about 5% for the lowest mode 
and less for the higher modes. 


4. DYNAMICAL MODEL OF TWO-LAYER RECTANGULAR BASIN 
SUBJECT TO WIND STRESS 


4,1 Differential Equations, 

A numerical model of a two-layer rectangular basin 
subject to wind stress is developed for computer calculations. 
It consists basically of an integration of the-hydrodynamicali 
equations in time, and is therefore termed a dynamical model. 
The linearized hydrodynamical equations have been derived in 
section 2.1, and are “qaven by 


Che ee on 
Pra een hye (4.1) 
ONge sa) 1 eco 
nat fu -g ay it Fy (anes 
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du! SW an! (4.3) 
Beem Nin & Snmosnadeds) hast.) ax 

ov! on 0 On 

eset BS ak SP ay Tyee D pose (ie ARB Ras (4.4) 
on! P) 3 

Oi) wey Ba ye Se ih 2 Guee ryt (45.5 
me gol eae a At a 
2) P) e) 

ae er a 7x (hu) are ee C46) 


where the velocities are depth mean values. The assumptions 
inherent in these equations are as follows: 
(1) the wavelengths of the motions are large compared 
with the depths of the two layers, 
(2) the vertical velocities are negligible, 
(3) the pressure may be expressed by the hydrostatic 
approwimacton, (2 sand. follow from. 1), 
(4) the velocities are small, so that the non-linear 
accelerative terms are negligible, 
(5) the bottom and interface stresses are negligible, and 
(6) The Coriolis parameter is constant over the whole 
of the basin. 
The only serious objection, to these assumptions is ‘possibly 
the neglect of the bottom and interface stresses. During period 
of strong forcing, these stresses are relatively unimportant. 
Theveriect, off fraction. is; small over short periods of time, 
even) though over longer periods, this neglect of friction is 
not valid. From’general observations in the Great Lakes, 
Csanady (1967) has deduced that the effects of friction may 
eniyepemmegiccteesror possibly..5 or 6..inertial) periods. Jn the 
calculations to be presented later, the duration of the cal- 
culations will generally be only 75 hours, which is 4 or 5 
Miiertaaly pervods ;1soOethatathe neglect..of. friction.will, be valid. 
The wterms: fF, and Fy are components of the forcing term 


F liven b 
bias ‘ MAS (4.7) 


where T is the wind stress at the water surface. In each case 
treated in this thesis, the stress will always be taken to be 
MimLTlOrmuo vert hes whowe surface: of. the .basin,..but.in tame; they 
may be impulsive, constant, or periodic. Understanding of 

the model is enhanced if one can associate a certain wind speed 
with a given value of wind stress. Wilson (1960) has given an 
excellent review of wind stress laws used by past researchers. 
The most popular is the quadratic law, given by 

. (4.8) 


6 = Came Wt 


where C. isa windsstress co-efficient, 0, is the density of air 
and W is the wind’speed. In the context of equations (4.1) 
EOw(4.4), Co is sdimensioniess. Upon reviewing the work of 47 
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authorities, and adjusting their various stress laws to the 
quadratic formulation, Wilson (1960) found a mean value for C 
of 0.00147 form) Might windsijmand 00023 Taioxr "stroncgewtnde, eer 
standard deviations of 0.00083-and On00056)) respectively °,  oPor 
the work’ in) this) thesis Cae, 1s arbitrarily set to a value of 
2 x 1076 gm/cm?. F 


4.2 Difference Equations. 


In order" that) theyimay *benumer toa’ “imbeqratred ata.) 
to (4.6) are transformed into a set of difference equations. 
The following Taylor expansions are useful. 


F(t+At) P(t) shee Bot) + (Ab) So oR Gt uRGAL) [STR CE) ) eacadgn 
lot 2 hoe Te. WeReO 5 ; 


FCG Aty}HF CE pant) OF CE} (Ath Osh ee ley Ole rr eee tO) 
ot 20 Oe HE VR aE 


The difference of these two series gives a central difference 
approximationyto the time derivative, ‘aa 


rs - R nt 
aR(t). F(tedt)-F(t-At) 9 len = ro | (4.11) 


The error term in (4.11) is of a higher order than that inva 
forward time difference, such as 


dF(t) _ F(t+tAt)-F(t) AG qe 8 ) 
Th do ee ee oe E Eta ae 


The form’ of (4711)°rsesuitable for'a grid system’ sucheas thet 
-Richardson lattice (see Platzman, 1963, p. 34), in which the 
continuity equations: are: evaluated at’ even’ time steps. fi Letec 
stana for an even” miltiuple of the, tame? step, Ate-— (401) emay 

now be written as 


t we 
du a ce an 13 
(32) = fv (33) + Es (4.13) 
Toe ee ed he known, then 
i 
ur *atioat (Fy ye (4.14) 
at 
Similarly for the other three equations of motion. The equation 


of continuity (4.5) may be approximated as 


at \tt2ht_ fg pryr\ttot (9 pryryttat ee 
oth, ox oy \ ‘ 
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Tf n' BN known, then 


Crt 


t+2At at 
2At -; ee (Aly vbs) 


end vcimitariy forthe remaining equation of continuity. For 
the work here, all displacements are set to zero at time zero 
ano mW velocity components are set to zero at time At; ‘thatiis, 
the basin is initially at rest.” Repeated” integration~of-the 
hydrodynamical equations will give the displacements at time 
20t, the velocities at time 34t,""the displacéments at time 

act ji7and so on. 

However, before the equations can be integrated in 
time, there still remains the problem of approximating the 
terms which are either functions of the space co-ordinates or 
are spatial derivatives. The notation to be used below is as 
follows. 


(4c 37.) 
FIM NL.) =F Gy =IMal) Ay pxe IN- 1 Ax 5) t=TAt) 


The *L ‘term 2s ‘introduced anto the’ spatial ‘co-ordinates to’ ease 
translation into FORTRAN IV for computer calculation. 

The approximations to the spatial derivatives may be 
expressed in the manner of (4.11), as 


Oy F(X) oF MHAX )eF (6- AX) 4, [(a0? 3 ” tie) (2.18) 
ox 4 2Ax TaRe 
Fly) _F(y+Ay)-F(y-Ay),,. [(ay)?_2 FO] 
is 2Ay : (ay oy? (4.99) 


Tne grad system is shown in Fig. 4.1; all similar grid points 
SS (Aix apart «Wither y iequall to 4x. The u=points are 
midway between the n-points (Z-points) in the x-direction, and 
the v-points are midway between the n-points in the y-direction. 
This particular grid is used extensively by the Institut fur 
Meereskunde, Hamburg in tidal and storm surge prediction models 
(see for example, Hansen, 1956, and Brettschneider, 1965). 
Other grids are also possible, but require different finite- 
difference approximations. For example, Harris and 
Jelesnianski (1964) and Jelesnianski (1964) used a grid in 
which all variables were calculated at all grid points. How- 
ever, the gradient approximations in that grid have errors 
proportional to (24x) *, whereas in the grid in Fig. 4.1, the 
Prporerare proportional to-(Ax)* . In Jelesnianski's (1965) 
grid, forward differences are used in time, which have errors 
of a lower order than the errors in a central difference 
scheme. For the grid system used here, 

Mis oven, UN = even, 2 =-even, for points 

M = even, N = odd, T =" 0d¢., Foe Mia POLI ey 
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Figure 4.1 Grid system use to facilitate the calculations 


for the two-layer rectangular: basin. 
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MOC ee CVC Mme=sodd) fOr V-points:, 
so that thexparatyuron the tered isi even. 
In the following equations 7TletiM Nand Tustand for even 


ingtevers. WOdd anters wall ybe iM yal wN it Wa tand T td 3) The left 
hand side of (4.5) is approximated by 


gn’ _ n'[M,N,T+2] - n'[M,N,T] 
MN. yl OO, m, Date? weet, 


te ZA (4.20) 
The stirst Mer) cmithe wieght hand side “of ™¢4')5) tis 

Ea _ [h' (M,N#1,T+1) u'(M,N+1,T+1] oe 
Ox M,N,T+1  [-h'(M,N-1,T+1) u'(M,N-1,T4#1] /2Ax 

where h'(M,N+1,T+1) = d(M,N+1) + n'(M,N+1,T+1) (4.22) 


However, 1' is not known at t=T+l, nor at n=N- sso tthe 
following approximation is used. 


n'(M,N-1,T+1) = > [n'(M,N,T) + '(M,N-2,T)] (1.23) 


ASelone -as nex’ Suehe terror tin (4 7235) 1s mot’ sagnimacants 
The remaining ‘term in (4,5) as similarly .approximated. 


Equation °(4%6) “is also approximated in the’ same’ manner 
as, (MPs) jywithethecadded approximation. that 


h(M,N-1,T+1)=d(M,N-1)+nN(M,N-1,T+1)-n'(M,N-1,T+1) (4.24) 
The’ left hand side of (4.1) becomes 


9uU = u(M,N+1 ,T+1)-u(M,N+l ,T-1) 
Monet, 7) @ Tone 


“is 4.25) 
The Coriolis term is approximated as 

F _ £ | v(M+1,N,T-1)+v(M+1,N+2,T-1) (M226) 
Seo tT ty ie N.T-1)+V (MOL N+2, 1-1). 
The °gradieént term “is 

[dn | a n(M,N+2,T)-n(M,N,T) (aiae 7 | 
[8xIy Ne1T ZAX 


Similar approximations are used for the remaining equations 
of motion. 


In'their final form, the six different equations ‘are: 
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h'(M,N+1,T)u'(M,N+1,T) 
- athh! (M,N-7, Tu! (M,N42 1) 
Ax|+h'(M+1,N,T)v! (M+1,N,T) 
-heeM-1,N, Tv (MeL NT) 


WOM, WAT+2) S000M SN Te) (OE a tay 
b(M, Ne] a 6M one de.) 
_ At] TOME Ni CN oe 
Ax +h(M+l1,Ns0 )}e(Me hk, BP) 
-h(M-1,N,;T)u(M-1L,N,T) 


u(M,N+1,T+1)=u(M,N+1,T-1)=F,(M,N+1,T) 2at 


57 | ey(M- ty Nol k)+¥ (Mel eo Nte . G- 1) 
-gAt([n MyN+ 2, 1) -7 CML N gi) ] 
Ax 


At S fella N Talia bal ged) 


V(M¥1 Nadie (Mel Nel sh) te CRM AN AL eat 


f se arena earner ais 


Zadetii Maw? Let - Pte L Nd P.1) 


=pat [n OMe 2,8 0) am (M,N,T) ] 
AX 


u'(M,N+1,T+1)=u' (M,N4+1,T-1) 


| 
a 


ee Be 
So! Ax 


-gi( 1-2) Ate [nit GUNZ, Ton MGNG TIE] 
on AX 


v'(M+1,N,T-1)+v! (M+1,N+2,T-1) 
+v'(M-1,N,T-1)+v"(M-1,N4+2,T-1) 


[nth Nee, Bian (M,N,T) | 


v'(M+1,N,T+1)=v' (M+1,N,T-1) 


ost | Pi eee 


v2 [sat (MeL Pe nt Ch ee re ad 


gf Al rae 
gh, SS (n(M+2,N,T)-n(M,N,T) } 


a, [n'(M+2,N,7)-n' O41,N,T) ] 


(4.28) 


(4.29) 


(4.30) 


Cae e) 


(4032) 


(4.33) 
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4.3 Specifications of the Basin. 
Se (recranquiar mocel ie characterized by.the follow- 


ing: 

t= 270 kis 2 (oe x) 
W = 105 km. (14 Ax) 
Dx Pe di Ole Ry 

a eee pti 

h'= 60. m. 3 
ep'= 1.00000 gm/ cm, 
Q 0.99826 gm/cm 

Cleo 0 bia 
0 


d= 45°N. latitude 

f= 0,0001029 radians/sec 
The depths and density values are taken'from CsSanady (1967) and 
represent "“typical® values in the Great Lakes. Csanady's (1967) 
and 1968) analytical solutions for a circular basin have already 
been discussed in Chapter 2; any similarities between his and my 
reoultSiwhieh arc lcdue tO the density or depth configuration may 
possibly be noted. The length to breadth ratio of the rect- 
angular basin 1S 2eoveysimiwar,to that-.of Lake Ontario and’ Lake 
BUpeEtOL. «ihe,dctual Size ts Similar to that.of take Ontario. 

Tier Vatue orwn < Was arbitrarily set: ‘to. 7.5 km.) “For 
the Poincaré modes, it is desirable to have an even smaller 
value, but this would increase the number of calculations great- 
ly. On the other hand, a larger value of 4x.would further 
reduce the already limited spatial resolution. 

The boundary conditions of no flow across solid bound- 
aries are given by 

Cyne ies eer Nery 

OTS trv ea sty yl) 
Masi pce rior heeiy ty = POL Take my ance, | ann 
PMieese ir) (re ary nn 7. ty 0 POY dl rand 
Initially, all displacements are zero at time zero, and all 
velocity components are zero at time 14t. 
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4.4 Energy in the Basin. 


In studying, the motions, within the basin; .1t 1S intorm- 
ative to investigate the growth of energy in the basin. In 
Patcicilar, Che wanuition of .potential energy between ithe 
surface and the interface, and of kinetic energy between the 
two layers, is of some interest. 

The ‘total potential energy, P, can be expressed by 
the following surface integral over’ the whole of the basin. 


p= (o g naa + to ten Gabe ye age (4.34) 
Ay ¢ A 


The first integral refers to the surface and the second to 

tie interface. In the approximations given, earlier, the 

waige of 7 (m,n) is a mean value, averaged over a square or side 
mr, Centred at the grid point (m,n). The integrals oni td. 34) 
can thus be approximated by numerical quadrature, as 
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p= ea (n, widedee 
M=evem IOUS eae 5 
ey yy De Bee ma) (Axa t (4535) 


m=even n=even 
The kinetic energy, K, can be expressed as the volume 


/ 


integral 
1 { 
ce forey av eS few? + v2 dv (4.36) 


However, the volume differentials, dV, and.dV', may be “replaced 
by h dA and h' dA', respectively, so that (4.36) can be ex- 
pressea by the following summations. 


K SoSH shin (mgm) badmdmod dad 


m=even n=odd 


2 Dy 
nt] dy ds v {ni nds het ws a (2ax)° 


m=odd n=even 


fe oa Ds ay u'?(m,n)h' (m,n) (2Ax)* 


nm ="even *2).-y odd 


(Be ( 
e » v' (m,n) he (am) (20% ¢ (42375 


The double summations above do not extend over the complete 
basin, however. For example, the first summation in (4.37) 
covers: the compiete: width of the basin, trom ni 2. 2;cO nm“. Fe. 
At each end of the basin a strip of width Ax has been neglected. 
These two strips’ account’ for 1/17 th of the-totalarea. 
Assuming that the velocities in the rest of the basin are of 
the same order of magnitude, then by linear interpolation, the 
mean velocities in these two end strips is only 4 the magnitude 
of the other velocities. The error in the Kinetic energy due 
to these two end*straps is then 1/717 x 7/16, which .is Jess tna 
13. For the summations involving the v component, the area of 
the side strips is 1/7 of the total basin area, so that the 
error there is’ onayr iy 7 x 1/16, Which ie about It. ~sTiite eee 
neglect of the side and end strips in the summations in (4.37) 
aoes not appear to be serious; certainly this will not be 
Significant in a study of the large scale variations in time. 
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4.5 Numerical Stability of the Calculations. 


In numerical calculations of the type performed here, 
stability criteria must be adhered to, else the results may be 
distorted ‘by mumernical vnstabail ity sor;-even -"“blowup!; (For a 
detailed discussion of the topic, the reader is referred to 
Courant, Friedrichs, and Lewy (1928), Courant and Hilbert 
(1937), Kasahara (1965), and Fischer (1965). For a one-layer 
problem, the difference equations may be written in matrix form 
as 


t+2Z 
n 


n 
tad A x daa 
t+T ‘ 
ti alles. (4.38) 
where AXA sia) 32 x23 matriciins thisi case: » Ilt.mayanot, always.be 


possible to’ write out the system of equations explicitly in this 
form. When it can be so written, the condition of numerical 
stability is that the absolute value of the eigen values of the 
matrix A be less than unity (see Richtmeyer, 1957). For the 
system of difference equations in this study, the stability 
criterion for the non-viscous gravitational modes is (see 

MaAS.Z AKDT» L196 5.) 


Ax +5 (2°39) 


At > (8 nax) 


During the calculations, spurious waves may develope between 
grid points spaced 2Ax apart. (4.39) guarantees that the period 
of, the. gravitational, oscillations, under study in the model 
basin must be larger than the period of the spurious waves. 
(4.39), also. .efers ato ..one-layer basin, but since “the internal 
periodicities are much longer than the surface periodicities, 
(4.39) also suffices for a two-layer basin. 

The value of Ax has already been set to 7.5 km, and 
Since the maximum depth is 75m, the stability criterion becomes 


ditt os 196 seconds (4.40) 


In the, calocudetionsy that,,.fo01 low,,.4.t, has been chosen tq be 


(4.41) 
Def Sal 50. Seconds 

Vor ba, chuseilesion.ot ebheuwstabi lity ofuvisco-grayitatlon 
al modes of oscillation, please refer to Platzman (1963, p.37). 
Hamrisi(1964,,, pa A419) suggests certain «smoothing ,operators’ to 
deal with the problem of spurious waves. He also states that 
a principal symptom of numerical instability is an unexplainea 
growth :onidegay sof .the energy .in.the jsystem.,.. This)is another 
reason for calculating the energy, as outlined in Section 4.4. 

ineghe Giacussiens that follow, the physical variables 
Willgbe canveniently.(to.the.author) referred, to by their 
"names" in. the computer programs that were written to carry out 
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the calculations. These are: 


Fae, SP csalr face Idi sip Laictenterti } 
n Si lvréertace dvsipkagenten tt; 
Wy OX - Component yor iuekocuntty:. lap iheguvla yer } 
VIC = sy “Conponent) of iceLocaty inn stopekaent, 
wh, xeconponent,"of veloc itm Lrerbietttiom Way.eins -amd 
eos. yiconponenttoGsy éloe1 trdmidbortom shave ni 


4,6 Numerical Results. 

(a) (CASE AY 

The length scale of passing cyclonic disturbances is 
often much larger than the size of any one of the Great Lakes. 
It is therefore) not’ unreasonable ‘to limit) this, study.to cind 
stresses which are uniform over the whole of the basin, with 
only variations in the time dimension. Whereas the time scale 
of ‘such! dusturbances May vanyo from afraction Of a day: ta 
many days, this initial calculation shall deal only with a wind 
impulse in’ the +x-direction’ of duration 100At(4.17 hours). 
It is hoped that the free modes: may’ ibe) more clearly examined 
here than in cases where the time dependence of the wind is 
much more complex, and of longer duration. 

The value of F, was set to 10-3cm/sec?, corres- 


ponding to a wind speed of 8.7 m/sec. The surface displacement, 
ZT, has been plotted against time for some sample grid points 
(Fig. 4.2), from which certain, dominant, peraedicities are 
apparent. ‘Although the time resolution is dhiyvAt’ ors0 0833 
hours, averaging over many periods will permit evaluation of 

the periodicities to within 0.01 hours. The longitudinal 
uninodal surface seiche is excited with a period of 5.56 hours, 
which is 0.03 hours longer than the Merian period. It appears 
that a longitudinally directed wind will excite the longitudinal 
surface modes. For points near the centre of the basin, the 
amplitude of the’ Longrtudindl ‘seiche ‘is “smatl’, “and trrgter 
frequency oscillations are found. § Tt “is~diffirecult ‘to determine 
the period of these oscillations, but they may be transverse 
oscillations, the lowest period of which is 2.16 hours, cal- 
culated from the Merian formula. 

In Pro. 4.3, £ nave “attempted” to cdemonst rage “the 
rotational behavior of the surface, ina series of "time 
exposures”. The contours have’ been*plotted at ‘nalry hour 
intervals, with .a contour “spacing "of ‘075 ‘cm: ' *To*simp lity eke 
discussions here, the x-direction will be arbitrarily taken 
to be the ‘eastward direction.” Initially,” the basin’ is *at 
complete rest, and as the eastward wind is applied, water piles 
up at the eastern end of the basin; the opposite occurs at 
the western end of the basin. Due to the Earth's rotation, the 
upward slope of “the water surface’ is “detlrected”’to the south: 
Thus at time 48 (units of A(t are implied here), ‘the surface 
slopes upwards to the southeast. At the ends of the basin, the 
initial surge due to the sudden imposition of the wind reaches 
a maximum of over 5 cm at time 72. After this time, the 
rotation of the surface is quite noticeable. From Fig. 4.3, it 
is seen that the orientation of the upward slope of the surface 
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Figure 4.2 Case A. Surface displacements versus time. 
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"flips" from eastward to.westward very quickly. For a circular 
basin the rotation -is:e uniferm, but the basin here is narrow so 
that the .esrects, ef, rotation) are} smal. 

the wind ceases torblow-/at\taime\_100, and ait a much 
Zater tame), the; systemiis ini a state of \free; oscillation. The 
surface, contours are»also plotted fora a water same a( Fig, 
4.4); the same behavior is found. 

For:the' uninodal seiche, the Sur chcee is antisym- 
metrical; that is, at points diametrically opposite to each 
other with respect to the geometric centre of the basin, the 
Surface displacement. 1is equal and opposite.» It is certainly 
obvious that rotation has little effect on the Lrequengey,,” las 
predicted by Rao (1966), for.the longitudinal surface seiche. 

In Fig. 4.4, a quasi-static buildup of water is 
noticeable faiong the sides of the basin, moughly / 0.5 cm ailong 
the south ‘shore ‘and <0'..5 cm along the fiorth“shore< “It™will be 
seen later that at the interface, there is a quasi-static 
response of about -300 cm along the south shore and about. 300 
Cima long tite worth shore. rhe ragio-ZT/2B" is’ about--0. 0017, 
which ¥s_in-dapproximate agreement with the value of -\ (1-9! } 

0 
(ha/ thr h" jy which *is 70.0014." Thug, the,/quasi-static 
response (abbreviated Q.S.R.) at the surface is a "reflection" 
Btmathe Oo Rk. at the interface, and 1s of a baréclinic nature, 
Later, it will be shown that it is part of an internal Kelvin 
wave.. Its-period.is in. the order of 500 hours, and thus~ appears 
Ho wbemstatic: Over ‘short periods of observation>~. dt-is adso 
quasi-geostrophic, and can be regarded as a current-like 
rather than a wave-like motion (see Csanady, 1967). 

The oscillations in ZB away from the shoreline are 
dominated by the near-inertial oscillations (Fig. 4.5), which 
have amplitudes of less than 100 cm. Near the shore, the Q.S.R. 
is dominant, and the near-inertial oscillations, which appear 
to pbe-transversesosci | lations.,.are-not “as noticeable: 

To accurately map out the Kelvin waves, one would 
have to filter out the near-inertial oscillations, a tedious 
process which’ is.‘not justified here. ) However, the Q.S.R. is 
dominant near the shore. Thus, a mapping of the interface dis- 
placement along the shoreline would show the large scale 
behavior of the Kelvin wave in a general qualitative way; the 
near-inertial oscillations would only perturb this picture 
Sn Wont yy | 

| The time scale of the integrations were thus ex- 
tended well past 75 hours, and indeed a reasonable picture of 


the Kelvin. wave was obtained (Fig. ,4.6)., ‘The:path of these 
mappings follows a route along the ‘near-boundary Z-points in 
an anticlockwise manner, starting at ZB (2,2). . The wave is 


initially set up by the wind with a»negative loop along the 
south shore and a positive loop along the north shore. The 
wave then slowly progresses around the shoreline of the basin 
in an anti-clockwise direction. At large times, spurious 
waves seem to develop, with. wavelength , 4A Xen One probable 
source of instability causing these spur ious waves is the 
Corners of the basin; “Brror buildup cis, miso jlarge at large 
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Figure 4.5 Case A. Interface displacement versus time. 
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Figure 4.6 Case A. 
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the interface displacements have been plotted 


along a path joining all the near boundary 


4B points, 


in the anticlockwise direction. 


Display of the Kelvin wave progression; 
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times. Nevertheless, the general behavior of the Kelvin wave 
is) quate \ctear. 

Thes period Of the Keavin wave is; 470 + 20 hdurs; the 
uncertainty is due to the presence of the near-inertial 
oscillations. For an extremely narrow basin, the period is 
proportional to the double length of the ‘basin. In this case, 
the width is finite, and the period is proportional to the 
perimeter of the basin. The theoretical period is thus 461 
hours, so that the observed period is in good agreement with 
theory. 

It must be noted thateethie: dongrcalculation jis not 
realistic Since friction is not included.” Indeed, Kelvin waves 
areygrarely OUse Ive Olerudany substantial portions Gf a 
complete’ cycle... The above 1s intended, asi an exercise jto verify 
the predictions of the non-viscous theory, and to show the 
rhysical Makeup of theapparently quasi-static motions. 

In Fig..4.7, the interface displacement has been 
plotted in time. Away from the ends of the basin, there is 
little varnationsor 78" ta the longitudinal’ direction. | ZB away 
from the boundary oscillates near the inertial period and shows 
a Sin nlly/W variation in the transverse direction. These ob- 
servations indicate the existence of possibly a 3-noded Poincaré 
wave, or more specifically, a Sverdrup wave. The interface 
configuration is also antisymmetrical. 

The u component in the top layer has been plotted in 
Pag. 4.8. |} Initially, the ace@@leration is in thea + x-direction. 
At time 100 when the wind ceases to blow, the adverse surface 
gradients that have been built up immediately cause a de- 
celeration. The dominant period is very near the inertial 
period, while at times the barotropic period is noticeable. At 
various grid points, there are cases of both growth and decay 
in the amplitude. .For points along the sides of the basin, a 
net current is found, in the direction of the wind stress. 

This is the "coastal jet" discussed by Csanady (1968) and is 
part Of, the.On~S.k. : 

The UB component in the bottom layer oscillates ina 
similar manner to. UT (Pig..'4.9).. Generally, UT/UB is ivery 
close to -4.0, indicating that the currents are predominantly 
of a baroclinte-nature...-Thewind.stress.occurs directly in the 
Bquation of MOtlonvior UT, butenot an the.equation fer UB. Thus 
when the wind stops, there is a very sharp deceleration in UT 
but nee in PE —Fomwie.baretcopic.mode UT/UB is’ 1.0} but:for 
the baroclinic modemt is -4..0.% This, explains why ‘the. baro- 
tropic oscillations are more noticeable in UB than in UT. 

The VT component in the top layer has been plotted in 
Fig. €.10.% As expected from Coriolis considerations,|the — 
initial acceleration is negative. VT is: linked to the wind 
stress thuough UT;yso"that theydeceleration in VI is also not 
sharp when the wind stops blowing. In the co-ordinate system 
Geed fere, Uluie initially ‘positive, but VI-1s negatives, thus 
introduces:a phase difference of 180 °and VT is 90 ° in advance 
oplureY Alsoy since VT lis ncavsed cby srotatiom, «it fconsasts 
mainly of near-inertial oscillations, with little evidence of 
a barotropic component, 
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Figure 4.7 Case A. Configuration of the interface versus 


time, during initial stages. 
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Figure 4.8 Case A. 
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Figure 4.9 Case A. U component of velocity in bottom 


layer versus time. 
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Figure 4.10 Case A. V component of velocity in top 


layer versus time. 
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The VB component also oscillates near the inertial 
frequency (Fig. 4.11). The ratio of VB/VT is also about -0.25. 
The duration for which the values have been plotted is small 
compared with the Kelvin period, so that there is only a small 
indication of a Q.S.R. in VB. After time 50 or 60 hours there 
is a Q.S.R.,) indicating that the coastal jet is turning Che 
corners and progressing along the ends of the basin. 

A few sample current ellipses have been plotted in 
Fig. 4.12. These are elliptical in the ratio UT/UB equal to 
T/T;, and since T is very near T,, these ellipses are nearly 
circular (excluding near shore points). Since the Earth's 
rotation causes a deflection to the right, these ellipses 
rotate in the clockwise direction. The ellipses in the bottom 
layer (Fig. 4.13) are similar, except that they are distorted 
by the barotropic oscillations. 

A more complete picture is obtained by examining the 
current vectors over the whole of the basin. . The currents are 
shown in Fig. 4.14 at 4 hour intervals. The arrows give the 
magnitude and direction of the current for the point at the 
base of the arrow. The clockwise rotation is also seen. In 
this case, the coastal jet is small compared with the currents 
in the interior of the basin. Unlike the displacements, the 
currents in this case are symmetrical over the basin. The 
currents in the bottom layer are displayed in Fig. 4.15, and 
are similar to the currents in the top layer, except for the 
roughly -0.25 reduction. 

Most of the energy in the basin (see Fig. 4.16) is 
in kinetic form, and most of this is in the top layer because 
of the higher velocities there. Before investigating the 
periodicities in the energy components, consider a motion of 
the form 


Ce. Ala Boa ot (4.42) 


The energy is proportional to 


2 Z 


2 
r*s Aan“ 72 BROAR singe 


5 coun (4.43) 


The predominant frequency in the energy will be eithero or 20 
depending on whether or not A is larger than B. One can con- 
Sider A as an analogy to the Q.S.R. and B as an analogy to the 
oscillatory part of the basin response. At the surface, the 
surface seiche is dominant, so that the potential energy of 
the surface oscillates at twice the barotropic frequency. 

At the interface, the Q.S.R. is dominant so that the potential 
energy there oscillates at one times the inertial frequency. 
For the kinetic energies the oscillations are near one times 
the inertial frequency, with the barotropic oscillations super- 
imposed upon these. Three times the barotropic period is 
16.59 hours, which is only 0.39 hours away from the inertial 
period. There is thus a reinforcement of these two period- 
icities in combination almost every inertial period, with a 
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Figure 4.12 Case A. Current ellipses in top layer 


versus time. 
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Pagure 4713 Case A. “Current elYipses in bottom layer 


versus time. 
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slowly changing phase relationship. The total energy in the 
basin remains at a constant value of 3.1 x 1019 ergs after the 
wind stops blowing, which also shows that the calculations are 
fairly Stable. “Thus? thésenergy Components give a fairly good 
indication of the dominant frequencies in the basin response. 
Attention should be restricted only to the large scale 
fluctuations, to avoid misSinterpretation of the errors in- 
herent in the summations (4435) and: (4137). 


(Db) CASE Br. 

im this case, yohe: wind is also. .in. the, "eastward 
direction, but is now applied fer the ‘total duration ‘of the 
calculations 4 In order to,*keep’ the’ interface displacements 
small and avoid intersection with the surface, the value of the 
wind stress is set to 8 x 10 ~°cm/sec?; this corresponds to a 
wind speed of 2.7 m/sec. 

Even though the wind is constant after its sudden 
imposition, some energy does enter into the surface mode. 

Prom The pilots of “2T ririg: 4-17), it is seen thar tine dominant 
period is again that of the lowest longitudinal surface mode, 
thet i1s25 56shours... 4 this. sis03.03.hours..longer._than—thes Merian 
period. Rao (1966) has predicted such a lengthening of the 
Ssurrace~pervod. For jthe model, the rotation (4550/7326 ‘Cimes 
the non-rotating frequency, and the length to width ratio of 
the basin pis 257. / Interpolation from Table 2.2 Afrom,; Rao% 
1960) preerets—an—-elongatron of 0-03 hours: “the “tncentainty 
in the ,period from the. model..is less than.0.01 hours, so that 
the 0.03\elongation of the longitudinal surface: serche, found 
here is significant and at least roughly agrees with theory. 
ihe surface again rotates in the anti-clockwise 
Oiteee ON tece Fig, @.10). A O.5.R. Contribution jalso. exists 
atu the supface but is obscured’ by the rotating seiche. The 
mean water levels have been plotted in Fig. 4.195, where) the 
barotropic oscillations have been filtered out. As expected, 
the line of steepest descent in the mean surface lies upward 
Simontly to the cight of he wind direction. At tame 1/700, (the 
maximum mean displacements at the surface are about 0.6 cm 
at) the=corners->="The- corresponding quasistatic; interface 
displacement is about 300 cm, so*that the’ 0:.StR. at theasurface 
is of a baroclinic nature, corresponding to the Kelvin wave 
at} the\ interface, 

The interface displacements (Fig. 4.20) are again 
Gominated by the O.S.R:; and the near-inertial oscillations. 

At) the?poiitemiear the shoreline, the’ growth of the 0.S.R.) is 
very apparent. At early times, the positive loop of the 
Kelvin wave lies along the north shore. Thus at early times, 
ZB (2,2) is dominated bythe near-inertial oscillations. By 
time 60 hours, the arrival of the Kelvin wave at that point 

is SeensuraAti Ze (92)5 he wave Nas" progressed” to’ that point 
Dee time oo hours. The Kelvin waveqis plotted in Rig: 4.21, 
fue aAnstabiiity Bthithe cotners is again tound.”" It is possible 
that the neglect of the non-linear accelerative terms is not 
valid at these corner points. 
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Figure 4.17 Case B. Surface displacement’ versus cime. 
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Superimposed upon the quasi-static response. 
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Figure 4.19 Case B. Configuration of the mean surface 
displacement versus time, showing the steady 


growth of the quasi-static response. 
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Figure 4.20 Case B. Interface displacement versus time. 
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Figure 4.21 Case B. Growth of Kelvin Wave during initial 
stages of development; the interface displacements 
have been plotted along a path joining all the 
near boundary % points, in the anticlockwise 


dprection: 
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The transverse varratron’ of ‘the Poincaré «motions-~-is 
Gieolavyeaein Fig. 94v27. "On the lett hand side’ of this figure, 
Loe exacuw Cross-Cchanne, protic is shown, whilé” on” the wighiy 
the profiite represents. the near-inertialyoscillations, ob- 
tained by filtering out the quasi-static response or~Kelvin 
wave. There are only 7 ZB points in the transverse direction, 
which is really insufficient to give good resolution. On the 
Orner Nand, “decreasing the grid spacing by a factor of, perhaps 
3, for’ example, would increase the number’ of spatial-calcul- 
ations’ by -awtactor~-of-9%=,The- numberof time integrations“would 
oso be,uripiled. “fhus, the increase in the total number .of 
CatculatLlvOnsSwiswiey deaactor of 27. This astronomical Vincrease 
in the number of calculations does not make it a practical 
move at this* time. 

The O.S.R. and the near-inértial oscillations in UT 
are, again Seen, in (eig. 4.723.  Cofipanison with Fig” 4420) shows 
that the.iquasi-static response ‘in UTvand ZB occur™simuiltan-— 
ecusly at’ the,Ssame positions, indicating that they are) both 
Dane, Clawne same phenomenon. ™ Ac 60 howrss, the Q.S.R. at 
2Bg(14, 2).71s.about 300 cm. “.For the bardéclinic mode} theory 
predicte-gnet-UPshousd.be..4..5cm/ see." UT “(145 3)2"ts- “found to 
be about 5 cm/sec, which is in good agreement with theory. A 
further*yinteresting point is brought out by. examining UT over 


a transversereross-section, sayin = 19./ Notwonly is there a4 
Coastal” jetymean thessnore, Dbuti a Keturn or Counter coastal jet 
is found a little further away from the shore. A similar 


counter displacement is also found in ZB. 

THEN VT Comporent is photted\in Figs.4.24,. The.siow 
progression of the Q.S.R. is seen along the ends of the basin. 
Here, too, there is evidence of a counter coastal jet. The 
Ponsa l ang, Counter Coastal, yet are more easily seen wn Pig. 
4.25, where the currents over the whole of the basin are dis- 
played. 

The UB component has been plotted in Fig. 4.26. The 
behavior of the Poincaré and Kelvin modes are similar to those 
ain the, top laveriatexcent: for the -0.25 reduction. Whe VB..comp-— 
Gnent has also been plotted (Fig. 4.2%)...-In-Pigq. 4.28, the 
current vectors in the bottom layer have been plotted, and 
once again, the coastal and counter coastal jets are quite 
conspicuous. 

Withthe exception of ZT, all’the™vartables have been 
PAOCTEO GHOnTLNe pOimt (0,12) LP Ad, A sont Silen MOL Lom sect tlr ies 
@eci0. point, ave. peecomimantly of the Poincaré, type. “Corres 
ponding velocity components in each layer are 180° out of phase. 
VB land WB ane. about. 180°. out. of ;phase.also, white VB is*‘aboutr 
90° in advance of UB. The total behavior here is very complex, 
Since it is comprised of free motions, forced motions, and 
Computational errors or noise. 

The, energy. (Fig. 4.30) grows steadily in time, 
because?’the wind is blowing for all-time. ‘For’ the kinetic 
energy of the bottom layer, there is only a small inertial 
oscillation because the motions ‘there are dominated by the 
coastal jet feature. A small barotropic contribution is also 
seen. By far the largest components of the energy are the 
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Figure 4,22” Case By” Cross channel profites” (n=22) “OL 
the interface versus time; the profiles on 
the left are the exact calculated values, while 
on the right the quasi-static response has been 


subtracted. 
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layer versus time. 
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Figure 4.26 Case B.. U component of velocity in bottom 


layer versus time. 
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Figure 4.27'>Cage B.. V component’ of velocity in Bottom 


layer versus time. 
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Figure 4.30 Case-BS Components. of the energy!in? the 


basin versus time. 
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potential energy of the interface and the kinetic energy of 

the top layer, The inertial contributions in both these com- 
ponents is small. Even at the surface, the Q.S.R. is much more 
important than the rotating seiche, so that the potential 
energy of the surface oscillates at one times rather than two 
times the barotropic frequency. 


(ce) WCASE IC. 

The magnitude of the wind stress remains at 8 x 10 ~° 
cm/sec“, but is now directed in the northward direction. In 
this case, the transverse uninodal surface seiche was excited, 
with a period of 2.16 hours. Since the wind is constantly blow- 
Ing, stlerel £5)a piling Up of water produced in jthe vicinity of 
the northeast corner, with the opposite effect at the southwest 
COIner. ) Tneymean suritace lis plotted in Fag. 4/32) obtained by 
PAV CerIngAoUucMene 2, LO our oscillations. ; At time 2700), ZT 
acetic northeast corner 1s about 0.45 cm; and'ZBsis sabout 12380 
Cave tierreatlLo. Gr 2l/ 4b Toe 00016; at’ the| souttwest corner, 
this ratio has a value of -0.0017. These values compare favour- 
ably with the theoretical value of -0.0014 for the baroclinic 
mode. 

The Kelvin wave is again displayed by a mapping along 
the shoreline) (Faq. 4182)... ~The: corners of) the ‘basin again 
appear to be sources of instability. The progression of the 
Kelvin wave around the basin is not too regular in this case. 
it -appears) to take until time 420° hours to travel half way 
around ~cnePpoasin, ana yet ite returns, to its original position 
by time 500 hours. This apparently irregular progression is 
caused by the constant blowing of the wind. Initially, the 
wind produces a positive interface displacement along the 
western shore, and a negative one along the eastern shore, such 
as Hor ound at, time 35 hours. At a later,time,|' the positive loop 
SCECEMpILS co. travel along the southern shore to the eastern) shore 
but this is slowed down by the wind, which tends to cause fluid 
particles to leave the eastern shore and go towards the western 
shore. The progression of the negative loop to the western 
shore is also slowed down because the wind causes a piling up of 
water along the western shore. During the first half of the 
way around the basin, the Kelvin wave is thus "bucking the wind". 
During the second half of the way around the basin, it is "with 
the wind". One would expect that the period of the wave would 
be increased slightly, and indeed its period appears to be 
about 490 to 500 hcurs, as compared with the free period of 461 
hours. 

In attempting to show that the above explanation may 
be correct, I have plotted the Kelvin wave along the shoreline 
(Fig. 4.33), along with the along-shore component of the 
velocity. Clockwise currents are taken to be positive. The 
FesOociation of the O.o.R. COmponent'in ZB and the coastal jer 1s 
Cephaintytelederevin~ene vidrnity vot the™erests or anti-nodes of 
the Kelvin wave, the currents and displacements are of the same 
sign, ibut. alongéthe*south*and ‘north shores (in the vicinity of 
the nodes of the Kelvin wave), they are negatively correlated. 


TIME: 300 At 


TIME ~650 At 


Figure 4.31 Case C. The mean surface versus time; that 
is, the barotropic oscillations have been 


removed. 


v1 


“UOTIOSATP BSTMYDOTO 

—tqjue ou} uT sjutod gg Azepunog azeou 3uy 
EEG DUTUTOE yaed=e toe pe 370Td useq savy 
SqusWeoeTAUSTp sdezyraquT 93uQ -uOTSSerboid 


Shem UPATOweouy JO AeTastq *5 ese5 Ce fh Sarno ea 


YaANYOD Y3NYOD 
Ngee Bane co mas MN BN as as MS MN 3N 3S MS 
MS 3N 35 MS 
_[4S3M| 34OHS H1YON [1Sv3] 3YOHS HINOS 
= + + + + 
SUH G2 SUH OSS m SUH SLI 
QQ 
wn eX S 
ra) Pt ar 
= Gh m 
Be) 
m nN 
ia eas 
WM, | 
SYH O6b % SYH SIE . SYH Ob 
at — = = je) 
i2) wn 
ES i o+ x 
bd 
Oo ce) 
ot § -+ 9 
{ 
SYH SSb { S¥H 082 | a SYH SO! 
sale N = 
= 
eee ‘El 
= 
7 op =f 2 | 
SUH O2b SUH Sb2 oF SUH OL 
a oO 
fo) = 
n 
a 
= 
| 
SUH SBE SUH O12 SUH SE 
BWiL awit 
SWiL 


31V9S 


LN3W39V1dSIQ SOV4YSLNI 


92 


O 
we 
” 
2 
= 
Oo 
9) 
fe) 
2 
a 
: 
\ 
| 
| 
| 
| a 
i 5 
PL ' 
WJ : = 
= | © 
uJ | ' 
O | 
: ER: 
a 1 
2) = 
ra) sous OYE 
o 2 
uJ 
g ac 
ve > ba 
i es 
LJ 
Le 
s 
SW SOUTH SE NE NORTH NW SW 
CORNER SHORE SHORE CORNER 
Figure 4.33 Case} €., Relationship between. the, quasa= 


static response and the coastal jet, shown by 
plotting the interface displacement (solid line) 
and the component or the velocity paralleoro- ge 
shore; the current is taken positive in the 


clockwise (durectrien) arounac the basin. 


93 


TIME +100 TIME 


25°O1HRS.0 0 
-100 


fe) 27°5 HRS. 


+100 -100 
30:0 HRS. O 
= 
a) -100 +100 
ep) O 32:5. HRS. 
ae 
z 
LJ +100 -100 
= | 
LJ 
O 35:0 HRS. O 
gq 
a 
on -100 
an) 
37:5 HRS. 

LJ 
= +100 - 100 
LL 
a 
LJ 40:0 HRS. 0O 
rea 
< 


fe) 42-3: HRS: 


Figure 4.34 Case C. Cross channel profile (n=18) of 


the interface displacement versus time. 


94 


Ssiistok 


‘out 


zeKkeT doz ut: prtetgy AAtooTeA *D essed sEe°7P SaAnbtg” 


Has Ws POS te a 1a 


tr T = eu a 
£ < < < < —Ty ms ~ x ee 
— 2. —— ex — === “ OS KR % ise 1 
: j ae ‘ 
x 
/ SS = = =S a Ss >|! (SYH 29) | ¢ 3 (SHH OS) 
ao = — se = | Vv 88d! oa ef 4 \ Eo oc! 
/ Sx ~ = ~ — | ae | \ 4 4 wishes 2 3WiL 
Peet ae ex ts aa / \ N = KR Ss J 
soe = + - < 1 = — = * ~*~ e 4 
a T 19 T x: 1 
“ <- « « «< Se Sees “ = = ee 
3) = z =< aX z — _" J — =— ~ = Pos \ 
SS — 
| ee ee “ a ar | ine TS an > : = | (SUH 9b) 
, He yee eS B23 — Lv 26¢1 ek * coe +7 vOll 
— Re SS <a 
x a a ee e. < | = 3WIL i 3SWiL 
sS ee “< “« “a — / pa ~_— — P= 2 
—— * “ oe em 3 s mee 
« < = - « —— 7.49 ie «- «= Se SS 
a 
Ss + a= a « = 5% = 
/ | ‘aa #2 — 
i E ‘ J y t= (SUH 6S) ; = —_— — ge (SUH 2b) 
— 
ae J u . iv 9621 aaa ae = | +9 8001 
| / 
| y J ¢ co. 1 3WIL > -_— —_— eee / 3WIL 
<= 4g ee « « = / — a <_ -— - / 
a ee ee « « - & a. - “ « “ 
Z eS zt LP. 


95 


5 


KINETIC ENERGY , 
BOTTOM LAYERS 
(10'” ERGS) 0-5 


POTENTIAL 
ENERGY 


BOTTOM LAYER 
(10'” ERGS) 


KINETIC ENERGY 


TOP LAYER 
(10'” ERGS) 


TOTAL ENERGY 
IN BASIN 


(10'® ERGs) 


NOTE: VARYING SCALES 
TIME (HOURS) 


Figure 4.36 Case C. Components of the energy in the 


basin versus time. 
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It is apparent, then, that the Kelvin wave is "bucking the wind" 
in the first halt of the cycie. 

The Poincaré modes are again dominant away from the 
shoreline. The cross-channel variation for ZB over the cross- 
séction n =.18 is displayed in, Fig. 4.34, att2.> hour intervals. 
At times there appears to be 3 nodes, and at other times, 5 
nodes. Possibly there are really only 3 nodes, with the Q.S.R. 
giving it the -appearance.of.-5- nodes. 

The current yectors an\thevtop dayer (Fig, 4.35)) ages 
exhibit the coastal and counter coastal jet features. At times 
when the currents are in the direction of the wind, the flow 
pattern is very orderly,but when the currents are going against 
the direction of the wind, the flow pattern is disorderely. 

The potential energy of the’ surface is not shown, but 
in view Of “the Targe O.5.R. at the surrace, this component 
oscillates at one times the transverse surface frequency. Again 
all energy components (see Fig. 4.36) generally increase with 
time.’ For the interface, only a small inertial contribution is 
found for the potential energy, while the kinetic energies are 
dominated by strong inertial oscillations. The total energy 
supplied to the system 1S proportional to the scalar,.product 
of the wind stress and the surface currents. Since the, surface 
currents oscillate near the inertial frequency, the total energy 
of the system also oscillates near this frequency. 


(cd) CASED. 
The three £inal.cases (D, E, and F) in this study 
involve eastward blowing winds that are sinusoidal in time. The 


amplitude of the wind stress is set to 0.001 cm/sec? , In Case DBD 
the period of the wind is taken to be 7.5 hours, a value which 
is slightly longer than the period of the lowest longitudinal 
surface mode, but yet much less than the inertial period. 

The response.-in-ZT..is. shown in Fig.-4.37. -Since the 
forcing frequency is close to that of the lowest free surface 
mode, the response at both the forced and the free surface 
frequencies is relatively large. The forced and free oscid- 
lations appear to combine and produce wave packets, with nodes 
at 20, 43, and 65 hours. A dight phase change 1s found! atveccs 
of these nodes. The exact period of combination is 7.5 x 5.56 
= 41.6 hours. However, 3 times the forced period is 22.5 hours, 
and 4 times the free period is 22.2 hours. This is apparently 
close enough to produce the almost periodic behavior that has 
been observed. 

At the interface, the dominant frequencies are the 
forced and inertial frequencies. Little forced motion is found 
at ZB (14,8), butoat ZB (8,2), every third inertial peak ie 
slightly stronger than the rest (at roughly 51 hour intervals. 
The appropriate combination here seems to be 7 times the 
forced period (52.5 hours) and 3 times the inertial period 
(50.9 hours). The UT and UB components (Pig. 4.332) dtepiay 
the same type of behavior as ZB, but the forced oscillations are 
relatively much stronger than in ZB. The ratio UT/UB is approx- 
imately -4.0, showing substantial excitation in the baroclinic 
mode. ZT is of the order 10 cm, while ZB is of the-ceer 50 cm. 
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Figure 4.37 Case D. Surface and interface displacements 


versus time. 
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Figure 4.38 Case D. U component of velocity in both 


layers versus time. 
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Figure 4.39 Case D. V component of velocity in both 


layers versus time. 
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indicating that the baroclinic mode is very easily excited. 

The VT and VB components (Fig. 4.39) are dominated by 
neab-inertial-oscillations, which is..logical.,. because. these 
components are produced by rotation. It is interesting to note 
that no substantial Q.S.R. is produced, because of the oscil- 
latory nature of the wind stress. Finally, the energy com- 
ponents are displayed in Fig. 4.40. 


(e) CASE E. 

A more interesting case is a wind of inertial period. 
From Fig. 4.41, it is seen that excitation of the surface mode 
is much less than in Case D. Even the forced response in ZT 
is smaller than in Case D. The forcing frequency is extremely 
Close to»the frequency of the internal Poincaré modes, so that 
Tesonanice 1s found in ZB.) For example ; at time’ 70 hours, (ZB yin 
this) case peapout. s00.cm;, while in Case.D it isvabout “100. cm. 

The behavior of the entire surface is also different. 
from previous cases. In past calculations, the geometric 
cCentrewot tthe (basin was a nodal point, for), ZT.,,and» the nodal 
lines vadiated from thts point andy rotated, about ‘it. Now, the 
CenLre sol “thesbacin 1S not sa nodal) point...(Pig.. auwa2)~ 

Instead, the nodal line is curved around the centre 
point; sometimes it is a closed curve, and at other times it 


intersects the shoreline. The surface on the inward side of the 
nodal line is negatively displaced, and on the shoreward or 
outward side the displacement is positive. The configuration 


rotates in the anti-clockwise direction. 

The level of resonance in the velocities is also 
intense (Fig. 4.43 and 4.44). The magnitudes of the velocities 
are from 8 to 12 times as large as those in Case D. 

The growth of energy in the basin is also Heeeohe (Fag’. 
4.45). -At_ tames75, hours, the total energy is 2)x 102 ergs, as 
comparediwith "the value of 2°x 10 1 ergs in Case D. Since the 
O.S.R, 1S almost non-existent in this case, all the energy 
components oscillate at twice the inertial frequency. 


(fy CASE E.. 
This last case is concerned with a wind stress of 
diurnal vansation. (24. hour period)... The, forced responsein ZT 


Ae Very smalit i(Pigs..4.46)), although the oscillations, of ane 
lowest free surface mode (of period 5.56 hours) is still dis- 
cernible, The values of ZB are dominated by the forced” os~ 
Cilidations, as are the velocity “components: (Fig. 4.47 and=4.48). 
im general the response is baroclinic, but not to the large 
extent observed in Case E. The calculations have not been 
carried out long enough to reveal the common period of the 
diurnal and. baroclinic oscillations. However, there is inter- 
ference at about time 60 hours, indicating that the common 
period may be about 120 hours; indeed, 5 times the diurnal 
period (120 hours) does roughly coincides with 7 times the 
inertial period (119 hours). 

Thevenergy (Fig. '4749)\ 1s mostly aim Kinetic form, jand 
is dominated by the semi-diurnal variations. The potential 
energy is almost periodic every 36 hours. The combination of 
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Figure 4.46 Case F. Surface and interface displacements 


versus time. 
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the free and. forced periods is 13 times the free period of the 
puriece (72.3) vands 3 fimes the diurnal, period (72.0 hours) . 
Due to the closer proxamity Of ‘the “forced frequency to the 
inertial frequency than to the surface frequency, the response 
Ofeime basin 15 principally Uinisthe baroclinic! mode. \"Lt: is 
thus, not surprising that the baroclinic response in this case 
is much higher than, in’ Case D, 


4.7 COMPUTATIONAL ERRORS. 

Assuming: that instability is of no. concern in the 
above) calculations,’ there’’still remains the problem of estimat- 
ing the magnitude of the errors inherent in those calculations. 
Mhejiseurce Of these, errors arises from theyapproximations to 
the derivatives in the hydrodynamical equations. The form of 
those equations governs the manner in which the errors grow 
in time. The calculations to be presented here are only 
carried out to obtain an order of magnitude estimate of the 
upper limit of these errors. 

The system of difference equations may be re-written 


as 
6uCtjg = £' voir A on. (4.44) 
ox 
Sua dive Osea beg oh el (4.45) 
oy 
on an | (4.46) 
! = ry! wl JiR 
Su hCo} te ve ; a 
ONS CG) tee tay tt Bona.) Ct ON: (4/47) 
oy dy 
éni(t). = =E* guts °E*ov"' (4.48) 
‘ape oy 
| 4.49 
OOECE) eS Wee et Boul DOA, ( ) 
OX oy 
where fa ae ROBEY eX a 
A wii gi\te 
B= 2 ftg 0 
on 
C= foto (l= 2 2 
raat 
D = 2. Wth 
and BE *= 2 Wth! 


This set of equations may be used to represent the errors in 

the physical variables rather than the variables themselves. ie 
at each time step the errors are assumed to accumulate ina 
positive manner, then the errors may be described by the follow- 
ing equations. 
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(4.50) 
By (uy) E(u) a E(u) Pale Ge AE(n,) 
By) Falgel Olah Roaea fF (i) yl fete (4.51) 
BY (ar) = BO EB Cat ETE Gh ne Ee CE anes 
Se Ge ee Book 'Dehh (vogaaee © Out's) she Eel Meds C Palit a (4r2530) 
BCD =) Beli gael) Sarat iCo geet Vey ol (4.54) 
FD de Fah) S) Preble pet Dildos Joie Gye al (44559 

where cu error at new time step, 


error at old time step, and 
t error at each time stepA due, to approximation 
of the: time derivative. 


rH 


The above set of equations defines an iteration by which the 
errors..may, be..calcutared. 
Assuming that the time dependence is of the form 


e ob ie then the maximum value of E, at each time step is given 
by 
2 4, 
Bua ter ue inka 
5 i) — F 
3 


From, Case A, TT. for pis) 5.56 hours, and for the remaining 
variables it as moughly: the inertiad, period: 
For the spatial gradients, the errors are 


agmel ( 
eye eta ge Ob hae: urs. 
3 
L 
and (ax)? 3 5 (4.58) 
E(9F/dy) = Le eoineB : 
Ww 
The following typical values are used. 
Variable Amplitude m n 
n 3 om 1 1 
n' 1S -om 3 1 
u 10 cm/sec 1 i 
ue 10 cm/sec hi 1 
Vv 3 cm/sec 1 1 
a7 3 cm/sec A + 


The equations (4.50) to (4.55) were then iterated 900 times. 
The results are shown in Table 4.1 below. 
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Table 4.1 Error Bounds (maximum) 


time ZT ZB UT 
step (cm) (cm) (cm/sec) 
200 Lg dz 0..,72 0.04 
400 2.64 1.44 0.28 
600 CP UNe 2h Li ade 
800 Seis d 2.88 6.47 
1000 699 Snore, 30 
1200 J feito 4.31 138 
1400 Satan Ere ae, 642 
1600 LO wess5: Si wy 29.73 
1800 leiBod 6.47 e375 


Only the error in UT has been shown. The errors in UB, VT, and 
VBuwane the.same’ size;.as,-the, errors,.in,.UT... The errors in)-the 
displacements are additive, but the errors in the velocity com- 
ponents, are, exponential sin tame..because: of, .the) Conrolis)term. 
Unfortunately, the errors in the velocity components are much 
larger than the results themselves. 

This,.calculataon ms not, aljrealastic, estimate,ofmthe 
errors in,the model, obviously. To find a lower and more 
realistic limit,..a probabilistic approach may be applied. 
Consider the additive error in the displacements. At each time 
Sstep-sthiswenmonrails to6,) soy that athe, accumulated, error, ws iatemost 
900 X. However, the accumulation of these errors may be con- 
Sidered as a random walk process, the probability being 50% 
of, -beang (1%).0m —p¥.7o'Since, thestandard deviation; 'is,30X prehe 
probability of the total additive error being within +90xX 
after 900,.time:rsteps: as) 99.7% (see .Lindgren,,and, McElrath, (1959, 
D4 23) hus: ect. tis, vers; probable, thatarthe, total addatave 
enrors, an. the disphacements,.is,only.a very small, fraction «ef 
that) listed, an: Table: 4... Subsequently. i again, .carnaed .owt 
the iterations, defined) by .(4.50)gbo (4.55), )butyassuming that 
the effective value of each term on the right hand side of 
those equations to be reduced by a factor of 1/3. These results 
are.Shown,<d.n, Table 4)..2). 


Rabie A .2.broorm-Bounds). (1/7 3, maxgimum) 


time Aad ZB UT 
step (cm) (cm) (cm/sec) 
200 oes 0.24 0.006 
400 O15 56 0.48 Oe cOwleo 
600 0.84 aye? 0.044 
800 Lisle Onsi6 0.088 
1000 1.40 brie) Oak GL 
1200 Jii8 1.44 285 
1400 ANOS he 168 On On). 
1600 Ae uP We 0.846 
1800 2k. Oe Jen(L6 1.413 
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It is thus seen that reduction of the errors at each time step 
by the modest factor of 1/3 gives rise to reasonable upper 
bounds for the errors. If a reduction of say 10% were applied, 
the errors would be very small. No definite values will be 
given, but it is seen that the error bounds are extremely small 
even if only a 90% confidence or probability is desired. Recall 
also, from equations 4.18 and 4.19, that the errors are pro- 
portional to the third derivatives. Since the spatial and time 
dependence of the variables is generally harmonic, the errors 
will be quasi-periodic and thus twill tend “to cancel out “to-a 
large extent 19 dinvegrated over a large Lacie period. | fn waa 
case, it seems clear that the errers in the calculations due ta 
the gradient approximations are "probabiy" small. 


D.. CONCLUSIONS 


A one-dimensional one-layer analysis was carried out 
for the free longitudinal surface modes of Lake Huron. Such an 
analysis was possible because the effect of rotation upon the 
long tudinal *ihree “suriaceymodes of -a' marrow -basan fs very : 
small. The frequencies calculated for the free modes compared 
favourably with the results of Rockwell (1966). Further veria— 
fication of the results was carried out by power spectrum 
analysis of several water level records from Lake Huron tide 
gauge stations. The results also indicated that Merian's 
formula is generally satisfactory for estimating the periods 
of the higher barotropic free modes of oscillation in a narrow 
basin, but 1s very’ poor -tor- the’ -lowest mode’, 

A numerical model was constructed for a two-dimen- 
Sional two-layer rectangular basin of constant depth, under the 
influence of wind stress. In all cases investigated, the wind 
was kept uniform over the whole of the ‘basin.’ In the first 
three cases, the winds were either impulsive or constant in 
time. From the results, many large scale phenomena were found, 
which have been predicted by various theories. For the surface 
mode, it was found that a longitudinally oriented wind excited 
the longitudinal free modes and that a transverse oriented 
wind excited the transverse modes. Tn each case, the Earth's 
rotation causes the surface modes to rotate in the anti-clock- 
wise direction. It was verified that small rotation slightiy 
lengthened the period of the lowest longitudinal mode, as 
predicted by Rao (1966)-. 

The baroclinic modes were much more easily excited 
than the barotropic modes. Poincaré motions were observed in 
the transverse direction at..the interface. °~One of the out— 
standing features of the basin response was the quasi-static 
response, as predicted by Csanady (1968). The currents were 
generally of a baroclinic nature, with only a small barotropic 
contribution. Away from the solid boundary, the currents were 
almost circular and oscillated near the inertial frequency. At 
the boundary, the existence of the coastal jet was observed, as 
predicted by Csanady (1968), corresponding to the quasi-static 
response of the interface displacement. At times, a counter 
coastal jet was also observed, at a further distance from the 
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boundary. Sumerposition of the elliptical currents and 
the coastal jet corresponds to the "crescent-shaped" currents 
observed by Verber (1966). The Kelvin waves that were studied 
are POULyy Valid Lor varhon-Viecous theory.) / In realityijetpiction 
and Warlations, in the foreing functions: do not permit) Kelvin 
waves to exust.for more .than.ajsmall fraction of.a complete 
cycle (their periods, in this case, are in the order of almost 
500 hours). Over a short period of observation, these Kelvin 
waves appear to be static, or nearly so. 

Three cases of sinusoidal winds were also studied, 
WEL DemLOUS Of MySay’. 0 eandsi7? 4.0: hourisi.! 9-In each case, 
Gpowth of) theyquasa-statire; response ~The, forced, response) of 
the basin to a periodic wind increased rapidly as the frequency 
of the wind approached any of the natural frequencies of the 
basin. The response near the baroclinic frequencies is much 
greater than that near the barotropic frequencies. Indeed, a 
high level of resonance was found in the case of a wind of 
inertial period. Furthermore, the free modes themselves may 
alsoybecomevexcitedis) These results are.in: general. qualitative 
agreement with the predictions Of: Mortimer (1953)" and) Csanhady 
(1.968)7 
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ABSTRACT 


OCEANS IV is a powerful system of programs used by 
the Canadian Oceanographic Data Centre to manage its 
oceanographic station data file. This file, at present, 
contains 30,000 stations consisting of,on the average, 10 
observed levels each. The data are stored in geographical 
order on magnetic tape. The system can accept up to 35 different 
physical and chemical parameters in a partially open ended format. 
To date only 16 parameters have been assigned codes. 


The four basic functions of the OCEANS IV system are: 


(1) Processing of reversing thermometer readings. 

(2) Preparing temperature, salinity and chemical data for 
archival in the oceanographic station data file. 

(3) Printing data reports on request. 

(4) Providing a flexible retrieval of data from the file. 
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Statistical analysis of the performance of paired 
showing the mean temperature 
observed with each pair, the mean difference, the 
standard deviation’ of ‘the differences, the standard 
error of the observed mean difference, and the 
number of observations in each of 7 depth intervals. 


thermometers 
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Sample output of the Edit program. 


Sample Data 
Sample Data 
Explanation 
Explanation 
Explanation 
Explanation 
Explanation 
Explanation 
Explanation 
Explanation 
Explanation 
Explanation 
Explanation 
Explanation 
Explanation 
Explanation 


Cruise Master Catalogue. 


Sample Data 
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Report 
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of the 
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of the 
of the 
of the 
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Count . 


page. 


page 
Data 
Data 
Data 
Data 
Data 
Data 
Data 
Data 
Data 
Data 
Data 
Data 
Data 
Data 


showing interpolated data. 


Record 
Record 
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Record 
Record 
Record 
Record 
Record 
Record 
Record 
Record 
Record 
Record 
Record 


Station Master Catalogue. 


Data tinventory iType'T:, 
Squares (COTED system) and by month of the available 


data. 


Datatinventory. Type tht, 


available 


data. 


headings. 


headings 
headings 
headings 
headings 
headings 
headings 
headings 
headings 
headings 
headings 
headings 
headings 
headings 


(continued). 
(continued). 
(continued). 
(continued). 
(continued). 
(continued). 
(continued). 
(continued). 
(continued). 
(continued). 
(continued). 
(continued). 
(continued). 


showing a summary by one-degree 


showing a summary by one-degree 
Squares (COTED system) and by year-ranges of the 


Data Inventory Type III, showing a summary of available 
data in a semi geographical lay-out by one-degree 


squares. 


Data Inventory Type III, showing a summary of available 
data in a semi geographical lay-out by ten-degree 


squares. 


Distribution of Means and Standard Deviations, showing 
per one-degree square (COTED system) a count, mean 
andickandardudevilation of .alltidataimetrieved as 


specified on the Data Extraction form. 
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Sample OCEANS IV input or output card. 
Sample OCEANS III input or output card. 
Key to the Marsden and COTED ten-degree square numbers. 


Key to the numbering of one-degree squares in the 
Marsden system. 


Key to the numbering of one-degree squares in the 
COTED system. 
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lL. , #INTRODUCTION 


Lok PURPOSE 


The Canadian Oceanographic Data Centre manages, 
among other files, a rapidly growing file of oceanographic 
stations. At present this file holds about 30,000 stations, 
but with the increasing global interest of Canadian oceanogra- 
phers, it may well expand to ten times this size due to 
foreign data acquisitions. The usefulness of such a file is 
mainly determined by the availability of an efficient and 
flexible retrieval routine. The new OCEANS IV system meets 
these requirements, and has also been designed to extensively 
edit the input in an effort to make the system as "foolproof" 
as possible. 


The OCEANS IV system fulfills the following four 
basic functions: 


(1) Processing of reversing thermometer readings. 

(2) Preparing temperature, salinity and chemical data for 
archival in the Oceanographic Station Data File. 

(3) Printing data reports on request. 

(4) Providing a flexible retrieval of data from the file. 


Unlake; ats. predecessor),,.OCEANS,,II1,.it., can. accept 
a fairly wide range of different physical and chemical para- 
meters. At present it accepts 16 parameters, but it can be 
expanded to take up to 35 different variables. 


This report will help the following categories of 
readers to understand the OCEANS IV system: 


(1) Anyone submitting data to CODC for processing and/or 


archaying . 
(2) Scientists or engineers using CODC's data bank. 
(3) Other data centres interested in an outline of the OCEANS 


IV system. 


A separate manual "Specifications for the OCEANS IV 
System", has been written by Mr. A.S. Adams of DCF Systems 
Limited. It gives detailed specifications on the system and 
all individual components, and is useful mainly for programmers 
and clerical staff involved in the maintenance and usage of the 
system. A limited number of copies of Mr. Adams' report can 
be made available on special request to those wishing to make 
a more detailed study of the system. 


A brief summary of the OCEANS IV system, including 
flowcharts: and a description of the individual programs, 1s 
given in Appendix A. The main text of this report, however, 
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can be read without reference to the systems flowcharts. In 
the following sections a "black box" approach has been used to 
describe only the inputs to and outputs of the system with 
minimum reference to its actual structure. 


L.2. TYkES OF DATA 


The system can presently accept 16 different ocean- 
ographic parameters and a limited number of meteorological 
observations. The range of meteorological parameters has been 
limited to those which most directly influence surface 
conditions in the ocean, such as wind, waves, temperature, etc. 
Most oceanographic vessels submit regular marine weather 
reports to the Department of Transport, and more complete 
data (for the standard observation hours) are available from 
their files. 


The oceanographic parameters include depth, tempera- 
ture, salinity, soundspeed, oxygen, PO4-P, total P, NO2-N, 
NO3-N, Si03-Si and pH, all included in the former OCEANS III 
file, and a number of new parameters. Codes have presently 
also been assigned to fluoride, dissolved and particulate 
organic carbon, total and carbonate alkalinity, and ammonia. A 
further 19 parameters can be added in the future up to a total 
of 35, making OCEANS IV far more flexible than the old system. 


One of the most important newly introduced parameters 
is pressure. Both pressure and depth are retained in the 
OCEANS IV file; either one of these can be used as the 
"independent" variable for data retrievals. If pressure has 
been observed, depth will be calculated, as outlined in 


Section 4.2, and stored as a "dependent variable", and vice 
versa if depth has been observed. 


Temperature and salinity data sampled with STD probes 
can also be entered into the system, and can be marked to 
distinguish them from Nansen cast data. This is described in 
some detail in Appendix B3. It must be noted, however, that 
OCEANS IV is essentially designed to handle observations from 
a limited number of discrete levels for each station; analog or 
digital traces obtained with STD's therefore must be reduced 
to a Maximum of 99 points’ per~statiome "tiie ia eu. ficient 
detail for climatological studies, but it may be inadequate for 
some other demands that could be put on the data bank. Separate 
programs still have to be developed to convert digitized STD 
data into OCEANS IV input format. 


All data have to be corrected and calibrated before 
submission, with one exception only: Reversing thermometer 
data can be submitted as raw readings. They will be calibrated 
and corrected as outlined in Section 4.1 by the Thermocheck 
program. 
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143 DATA OUTPUT 


The data output is very flexible. Major output 
options are listings of data being processed, data reports 
ready for publication, data inventories, horizontal distribu- 
tions of means and standard deviations, or just plain copies 
of the data on paper, punch cards or magnetic tape. These 
options will be discussed in detail in Section 3. 


The data input forms are described in some detail in 
Section 2, which also outlines the error checking procedures 
and summarizes the resulting error messages. Copies of the 
input forms and of the coding instructions are shown in 
Appendix B. 


All data are thoroughly edited before inclusion in 
the file, and error messages will signal all violations of 
the edit conditions. The identifying information is subject 
to "presence" checks, most data are tested for being numerical 
and for remaining within acceptable ranges. These checks are 
discussed in some detail in the Sections 2.2 and 2.3. 


1.4 DATA FILES 


New data are entered into the system on cards, and 
are, after acceptance by the Edit program, accumulated on the 
OCEANS IV transaction tape. This file contains all Cruise 
Masters, Station Masters and Observed Details in sequence of 
entry, but no derived or interpolated data. All information 
that can be obtained mathematically from the observations, is 
re-calculated (upon demand) when the data are retrieved from 
the files. 


Once every six to nine months the three oceanographic 
master files are updated. The Cruise Master file consists 
of cards and is only used for internal reference. The station 
data are separated into two master files on magnetic tape: The 
Station Master and Level Master files, containing the Station 
Master and Observed Detail records respectively. The reason 
for creating two master files for the station data is twofold: 
reduction of overall file size and of the cost of running 
inventory control type of requests. The number of stations 
that will) be extracted under a set of retrieval conditions, for 
example, can be determined from the Station Master file ina 
fraction of the time needed to pass a tape containing both 
Station Masters and Observed Details. 


The Station Master file contains, apart from the 
information given on the Station Master section of the input 
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forms, also a summary of the observations taken at the station. 
Major entries in this part are minimum and maximum observed 
depth, parameters observed and the percentage of the levels at 
which each of the parameters has been measured. The major 
reason for including this summary in the Station Master file is 
to decrease the cost of data extractions and the production of 
data inventories. 


The Level Master file contains observed parameters, 
depth and pressure. No derived parameters, such as sigma-t, 
etc., are stored. These are all calculated upon demand when 
data are retrieved from the file. 


The master files are in a geographical sequence. 
The traditional Marsden square system has been replaced by the 
more convenient COTED system described in detail in Appendix F. 
Marsden square numbers are only used in the output as shown in 
Appendix D3. Both the COTED and the Marsden ten-degree square 
keys are shown in the Fig. Fl, and the one-degree square keys 
are shown in the Figs. F3 and F2 respectively. 


1.5 LIMITATIONS 


Within the range of input and output formats defined 
elsewhere, the system is also subject to some limitations set 
to reduce internal memory requirements and computing time. 
These are a maximum of 999 stations per cruise, 99 levels per 
station and 10 different parameters per station. The latter 
two limitations can be extended relatively easily if necessary. 


1.6 ENVIRONMENT AND LANGUAGES 


The system is written in COBOL F and FORTRAN IV G; 
the first of these is used for input-output, data manipulation 
and editing, while all calculations are written in FORTRAN. 
The use of special language featureg has been avoided as much 
as possible, and the system should be transferable to other 
computers with a minimum of modifications. 


The computer presently used is the IBM System/360 
Model 85, operating under MVT, at Systems Dimensions Limited 
in Ottawa. Internal memory requirements have been limited to 
200 k bytes. The peripheral equipment needed consists of 


> tape drives (9 track)’'#600 bp) ASl tcard (reader) ul ‘cardipureh 
and 1 line printer. 


1.7 A COMPARISON WITH OCEANS III 


A A A LE RN NA 


The OCEANS IV system replaces the OCEANS III system 
in use until spring, 1970. The new system has a large number 
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of improvements over OCEANS III and is expanded with a fairly 
sophisticated data retrieval program. The major improvements 
are: 


(1) OCEANS IV has a partially open ended format, accepting up 
to 35 different parameters, of which 16 have been specified 
at present. OCEANS III had a closed format, accepting 
only 10 different pre-defined parameters. 


(2) Reversing thermometer data can be submitted for archiving 
and no longer have to be recopied onto Data Summary forms 
after calibration in the new system. 


(3) Depth and pressure are both accepted as independent varia- 
bles and can both be used to retrieve data or as a 
reference:level for dynamic height and other calculations. 
OCEANS III, as do systems used by most data centres, uses 
only depth for vertical reference. 


(4) Data retrieval is much more flexible in OCEANS IV. 


(5) More significant digits are allowed for several parameters 
to improve the accuracy of. the system. Identifying 
information, such as location and depth, can also be 
specified with greater accuracy to improve the system's 
usefulness for storing nearshore and estuarine data. 


(6) The production of regular catalogues of data holdings has 
been greatly facilitated. 
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2. INPUT AND DATA, EDITING 


2.1 DATA FORMS AND FORMATS 


To provide some flexibility of input, a set of four 
forms has been designed: 


The Cruise Master provides general information on 
a cruise and controls the conversion of "acceptable units" into 
OCEANS “IV "tie units 4 


The Deck Sheet is used to submit to CODC uncorrected 
temperature readings, obtained with reversing thermometers, for 
correction and subsequent archiving. 


The’ Data Summarys.” vs" used “to submit,” for’ archiving, 
and/or data report production, calibrated and corrected 
Oceanographic station data such as temperature, salinity, 
oxygen, etc. 


The Bridge Log’ can’ be’ used instead of the Station 
Master section of the Data Summary to submit station identifying 
information, such as time and location, and environmental data 
such as bottom depth and meteorological conditions. 


Provisions have furthermore been made to accept data 
on the old OCEANS III forms and on tape in the NODC format. 


The multitude of forms outlined above may at first 
sight, appear to be somewhat confusing. They have been designed, 
however, to allow optimal flexibility. The combinations of 
input forms that can be used to cover various different situa- 
tions is summarized in Table 2.a. The forms and their coding 
instructions are reproduced in Appendix B. 


A separate form has also been designed to enter 
reversing thermometer calibration data for the Thermocheck 
program. This form, however, will be completed by CODC from 
the calibration certificates, and therefore will not be 
distributed to data submitting institutes. A sample of this 
Thermometer Calibration Sheet is also reproduced in Appendix B. 


In the near future programs will be developed to 
accept STD data on magnetic tape. The Cruise Master and 
Bridge Log forms then could be used to record auxiliary 
information. 
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SUMMARY OF THE ALTERNATIVE COMBINATIONS OF FORMS 
THAT CAN BE USED TO SUBMIT DATA TO CODC 
(AT THE OPTION OF THE DATA ORIGINATOR) 


|Possible Form Combinations __ Form Combinations 
aieuiaues Cruise | Deck Data Bridge 
BP Master |Sheet {Summary | Log 
— 
Cae - ‘| 
Correcting temp. 


Correcting and 
and archiving EAT AES CL a aT i 


archiving 
all data Rar s Torger rere eR | 


Archiving sae EATS: 


Temperature 
readings 


Temperature 
readings 


Temperature 
readings plus 
other data 


Temperature 
(COrr.)) and/or 
other data 


eure 
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: ERROR CHECKS ON REVERSING THERMOMETER DATA 


Apart from a large number of edit checks performed 


on the input, the data is also subjected to a number of 
validity tests based on the results of the calculations 
described in Section 4.1. All terms used below are defined in 
Section 4.1.2. The following conditions are flagged in the 


output, but the data are accepted into the Thermocheck 
transaction file: 


(1) 


(2) 


(3) 


(6) 


A difference between the two readings of a main thermo- 
meter exceeding 0.02°C or of an auxiliary thermometer 
exceeding 5.0°C is signalled by a verbal error message. 


A difference between the calibrated mean temperatures of 
two protected thermometers, used at the same depth, 
exceeding 0.04°C is signalled by an asterisk following 
Mean Protected Temperature. If three protected 


thermometers have been used, all three are compared with 
each other. 


If two unprotected thermometers are used, a difference 
between the calculated pressures exceeding (5.0 + AP/400) 
is signalled by an asterisk following Observed Pressure. 


A difference between observed and smoothed pressure at 
any level exceeding 5 dbar or 0.5%, whichever is larger, 
is indicated by an asterisk following Smoothed Pressure. 


A smoothed pressure exceeding nominal pressure by more than 
5 dbar or 0.5%, whichever is larger, is indicated by an 
asterisk following Wire Out. 


Observed main and auxiliary temperature readings more than 
1.5°C and 5°C respectively outside the calibration range 
are flagged by a verbal error message. 


A number of other errors can be picked up by the edit 


routines of the program, such as the occurrence of non-numerical 
values in a numerical field, the absence or improper coding of 
the thermometer serial number, the absence of essential station 
identifying information, etc. These will cause rejection of 


individual levels or stations and the printing of a verbal 
error message. 
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2.3 ERROR CHECKS ON DATA SUMMARY ENTRIES 


All data entered on Data Summary forms are subject 
to edit checks to determine the acceptability of each entry. 
These tests are described in the Systems Manual. Whenever 
applicable, the data are also subjected to the range checks 
summarized in Tables 2.b and 2.c, and to the following validity 
tests: 


(1) Time-distance checks for consecutive stations: 
Rim Bee 0 


where A is the vessel's cruising speed and B is given by: 


2 2 ER 
B: Z| (a lat) tla long x cos @)* | 


where At is the time passed between two consecutive 
stations, ? their mean latitude (counting south latitudes 
as negative), and Alat and Along the difference in their 
latitudes and longitudes respectively. 


(2) Sigma-t check for consecutive levels. An error message 
is printed whenever: 


COAT A ge REL.) <y 


where Zeay > Zs are two consecutive observed levels. 
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3. DATA RETRIEVAL AND OUTPUT 


Data output from the OCEANS IV system is controlled | 
two programs: RETRIEVE™and REPORT.» The ifret OF mhese can 
extract data from the master file according to any number of 
conditions as described in Section 3.2. The REPORT program 
takes the output of the RETRIEVE program, or the OCEANS IV tra 
action file, and produces printed data reports, a summary of tl 
data or a copy of the data on punch cards or magnetic tape as 
described in the next section. Some data summaries, such as 
Station Master Catalogues, Data Inventories and Station Counts 
are produced directly by the RETRIEVE program; these are 
described in Section 3.2. The operation of both programs is 
determined by control cards that can be coded using the Data 
Extraction and Data Output Forms shown in Appendix C. Sample 
outputs are shown in Appendix D. 


The system also produces a number of secondary output 
such as listings of processed Thermocheck data with a summary 
of reversing thermometer performance, and listings of edited 
data with error messages. A sample of all possible printed 
outputs is shown in Appendix D. 


Sel ATA CUTEUT 


The REPORT program controls the output of data on 
punch cards, magnetic tape or in printed listings. Its major 
functiLons,.ane. 


a) Production of Data Reports. Note that both depth and 
pressure are always given in the Data Reports. 


b) Computation of derived parameters and interpolated data as 
required for the output. The equations used are described 
in Chapter 4. 


c) Punching of cards or writing of magnetic tapes with data in 
OCEANS IV format. An auxiliary program is available to 
translate the OCEANS IV tormat into the previously used 
OCEANS III output..format. 


d) Printing of tables with the means and standard deviations 
of data extracted from the master file by program RETRIEVE. 


The choice of these functions, and some other details, 
is determined by control cards. A special form has been 
designed to code these control cards (Appendix C). Samples of 
all output listings and a description of all punch card and 
Magnetic tape formats is given in Appendix D. 
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The interpolation is relatively flexible and includes the 
following features: 


a) Interpolation can be requested for any of the chemical 
parameters specified on the Data Output Form. The code 
numbers to be used are defined on the Data Extraction Form. 
Temperature, pressure, salinity and soundspeed are always 
interpolated, if the interpolation control card is used, 
and need not be specified on the control card. 


b) A choice can be made between the two interpolation techniques, 
Reiniger and Ross' and Rattray's, both described in the 
next chapter. 


c) Interpolation can be requested to predefined standard depth 
tevells (Wablegqdom FigieDesch6)cor toonimeriéatily 
identical standard pressure levels. 


d) If desired, the standard levels can be replaced by an ; 
arbitrary set of levels by using the "Levels to be Used for 
Interpolation" cards defined on the Data Output Form. 


Se prDATAM EXTRACTION 


Data can be extracted from the master files using 
program RETRIEVE. This is one of the most flexible and probably 
most useful programs of the OCEANS IV system. Its major functions 
are: 


a) To extract data from the master files according to a certain 
set of search conditions. 


b) To produce a count of the number of stations that would be 
extracted according to certain search conditions. 


c) mfoseprintpalStabionsMaster Catalogue. 
d) To print a Data Inventory (3 possible formats). 


The choice of these functions is determined by control 
cards; in the’ first case RETRIEVE has to be followed by program 
REPORT to calculate derived and interpolated parameters and to 
format ithe sdata for -output. 


A special form has been developed to code the control 
cards (Appendix C). The search conditions specified are additive; 
e.gsu anyaetation: (orcdevel)y not: satisfying anyHotethe search 
conditions is rejected. Any arbitrary subset of the search 
conditions discussed in the following subsections forms a 
legitimate set of control cards. 
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On the "Request By" card the type of output desired is 
specified, along with requester name and address and a key used 


for sequencing the data. The output options ("search modes") are 

O's 

1. Reproduce the stations successfully passing the search 
conditions onto an intermediate tape. Program REPORT then 
accepts this tape and produces punch cards, magnetic tape or 
a print out of the data as requested. The formats of these 


output options are described in Appendix D. 


2. Count the number of stations and levels that meet a set of 
search conditions. The data are not actually retrieved in 
this case. 


3. List a summary of all station masters accepted by the search 
(Appendix D). The entries are sequenced as specified on 
columns 65-67 on the "Request By" card. The summary shows 
for each station (i) the number of levels sampled, (ii) 
minimum and maximum sampling depth, (iii) number of samples 
within depth intervals delineated by the 0,75,225,500,1000, 
2000,3000,5000, and 10000 metre levels, (iv) the parameters 
observed and (v) the percentage of levels at which each 
parameter is observed. 


4, Print Data Inventory Type I. The data extracted from the 
file are counted, and for each one-degree square the totals 
counted for each of the up to 12 parts of the annual cycle 
specified in the "Time Interval or Season" search table. 
The data are counted over all years shown in the year-range 
field of the search table (Appendix D). 


5. Print Data Inventery Types. a,The sentput hsrsimiler ito thar 
of the type I inventory, except that the count within each 
one-degree Square is broken down into up to 12 year ranges. 


6. Print Data Inventory Type III. The data passing a search 
are counted by one-degree squares and printed in a semi- 
geographical format. The totals for one-degree squares 
within each Marsden square are printed in a two-dimensional 
grid as shown in Appendix D. 


With the "Inventory Option" the one-degree square totals 
in the Data Inventories can be suppressed and only the totals 
by five and ten-degree squares will be printed. The five-degree 
squares are numbered in a counter-clockwise direction within each 
ten-degree square, and summarize the number of stations in the 
One-degree squares as shown: 


five-deg. sq. one-deg. squares 


0 00-04 , 10-14 ,,;°20-24, 30-34,40—44 
2 50-54, 60-64, 70-74, 80-84, 90-94 


SSCELON 332k BS 


five-deg.? sq. one-deg. squares 
3 Dogo yen 09. 7 D=7 9) BS Son: (95-99 
a! CeO Oma 9 2 5429),)) 25-39 45-49 


The ten and one-degree squares are coded using the COTED squares 
system outlined in Appendix F. 


The extracted data can be sorted in a sequence 
determined by the sort key specified under "Data Sequence”. 
The geographical sequence is determined by the COTED squares 
system described in Appendix F. “The data can be’ put into.cruise 
sequence by fusing the. identification; "I" as first-part of -che 
sort key. The sequence then will be determined by country, 
institute code, CODC cruise number and consecutive station 
number. 


All data extractions are based on the Station Master 
file unless otherwise noted. If a station is accepted, all 
levels will be brought forward to the intermediate output 
utilized by the REPORT program. In those cases where individual 
levels are searched, the levels not meeting the search conditions 
are marked by a "not acceptable" key, and these can optionally 
be rejected in the output of the REPORT program. 


S820). sArearSearch 


Up to ten different rectangular areas can be specified 
for an area search. All data in the Gulf of St. Lawrence, for 
example, can be retrieved using the six rectangles shown in 
Fig. 3.a. In this case no Bay of Fundy or Atlantic Ocean data 
will "contaminate" the retrieved data. 


3.2.2 Time-Interval or Season Search 


Data can be extracted for a certain continuous period 
or for certain seasons over all years. Up to twelve entries can 
be made, mainly for the purpose of controlling the Inventory 
@otvons) 1 and 2. for a straightidata retrieval, however, 
multiple entries can also be made. 


s¥233 Cruise Search 


Data foriiup to ten individual cruises can be extracted 
simultaneously. Larger numbers can be retrieved if the cruise 
numbers can be grouped as suggested on the Data Extraction 
Foun: 
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3.2.4 Parameter Search 


The simultaneous availability of up to 14 different 
parameters can be checked. Optionally, an upper and lower limit 
of acceptability can be assigned to each parameter. This search 
acts on both the Station Master and the Level Master files. If 
a parameter has been observed on a station, then all individual 
levels. are,checked for its, presence.. Any levels where the 
parameter in question has not been observed is marked by a "not 
acceptable" key, and can optionally be rejected by program 
REPORT when the data are punched on cards or written on 
magnetic tape. 


Sriee'5 Depth Search 


Stations can be extracted from the file according to 
three different conditions: 


1) The bottom depth must be observed and must be between the 
minimum and maximum values indicated. 


2) Bottom depth is not always indicative of the depth to which 
a station extends. The sampling levels therefore can also 
be compared to a minimum and a maximum value. All stations 
with at least one observed level deeper than the minimum 
level shallower than the maximum 
level are extracted. 


3) Finally, the relation between sampling levels and bottom depth 
can be examined and all stations with at least one observed 
level within a specified distance off the bottom extracted. 


This search is done oh the Station Master file. A 
special routine can be used, however, to mark all levels, 
except the deepest, of the extracted stations as "not acceptable" 
thus deleting them from the output generated by the REPORT program. 


3.2.6 Meteorological Data Search 


The availability of any meteorological parameter on 
a Station Master can be checked, and only stations containing the 
desired information are extracted. 


Sa. Data. DIStri Duron. Search 


For some derived parameters, such as geopotential 
anomaly, it is important that a sufficiently large number of 
adequately spaced levels have been observed. In this search the 
presence of at least one observed level within each of the defined 
intervals is checked for all levels between the surface and the 


18 Section sS42.4 


deepest observed level of the station. The search condition 
can be made somewhat less stringent by allowing a certain 
number of "blank" intervals, that is intervals without any 
observed levels. This number can be defined under "a" (See 
Data Extraction form, Appendix C). If left blank, "a" is taken 
as zero. This is obviously a search into the Level Master File. 
Data outside the interval defined by the first and last levels 
specified are marked as "not acceptable" and can optionally be 


suppressed by program REPORT when the data are punched on cards 
Or written on magnetic tape. 
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4. CALCULATIONS 


4.1 REVERSING THERMOMETER CORRECTIONS 


rag Ag h Correcting the Readings 


The calibrated temperature T is calculated from the 
raw temperature readings R by applying two corrections. The 
index correction compensates for errors in the etched thermometer 
scale and the expansion correction compensates for the difference 
between reversal temperature and reading temperature (as 
indicated on the auxiliary thermometer). The mean temperature 
and pressure are then calculated for each level and, if more 
than one observation is taken at any level, the overall means 
are determined. The index and expansion corrections are 
calculated as follows: 


Andie lw lnoex.Correction 


The: index, correction I is. added to (or subtracted 
from, if negative) the auxiliary and the main thermometer 
readings,..,; This. correction,is.defined for a number’ of points’ on 
the thermometer calibration cards. For intermediate points 
linear interpolation is used, for points outside the scale the 
hearest calibration, point is,used, 


4.1.1.2 Expansion Correction for a Protected Thermom- 
eter 
For a protected thermometer, the expansion correction 
C is calculated (Hansen, 1934) by: 


amet. aoe are 
(T 5 p ‘gf 


RS LY QI EUS Ll sea cL T Fo 
Yomadie SAaae iT «+ 910 


where T' is a main thermometer reading adjusted by the index 


correction, t the corresponding auxiliary thermometer reading 
adjusted by its index correction, and V, and K calibration 
constants. The latter of these is the reciprocal thermal 
coefficient of expansion of the main thermometer, and Vo is the 
volume below the 0°C mark at a 0°C temperature. The corrected 


protected temperature then is given by: a = T, eed Omer 5 Ge Se a, Oo 
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lye? (BkpansPon Correction. *foriantinpro tected 
Thermometer 


For an unprotected thermometer, the expansion correc- 
tion (Keyte, 1964) is given by: 


AO aN Can — tees) 
C= 
Ee 7e Pot getu) 


where T), is a.reading,of an unprotected *thermometer adjusted *by 
the index correction, ty the corresponding auxiliary thermom- 
eter reading similarly adjusted, and T, the mean calibrated and 
corrected protected thermometer temperature. The corrected 
unprotected temperature then is given by: > ==2 =~ ee =¥h a tse 


4.1.2 Calculating Observed and Smoothed Pressures 


"Observed" pressure is calculated for all levels 
where unprotected thermometers have been used. A curve is 
fitted to the observations and a smoothed pressure value 
determined for each observed level. The procedure is outlined 
stepwise following a definition of all variables used. All 
depths are in metres and pressures in decibars. 


Aoleeedk: DEEINICioOne 


Ly Total Wire Out Distance in metres along the wire 
between the water surface and the deep- 
est bottle. (Given on the Deck Sheet). 


L; Wire Out = Distance between the surface and bottle 
number i, measured along the wire. 


Bis Planned Wire Out Planned distance along the wire for 

P bottle number i; may or may not be equal 
to Wire Out. Differences occur, for 
example, when Wire out is adjusted to 
get the deepest bottle at a fixed . 
distance from the bottom. (Given on the 
Deck Sheet). 


Be Nominal Pressure = A function of wire out. 


Pe Observed Pressure = A function of protected and unprotected 
thermometer readings. 


SOCLION 4). 2 at 


Pressure obtained after smoothing 
observed pressures. Alternately this 
term is used to describe pressures 
obtained by other techniques, such as 
straight interpolation or from depth 
using the hydrostatic equation. 


Poi Smoothed Pressure 


Ze True Depth = Depth derived from smoothed pressure or, 
if this is not available, from Wire Out 
corrected for wire angle. 


a Wire Angle = Angle between the vertical and the wire 
at the surface. (Given on the Deck Sheet) 


42232. Wire-Ouc 


Wire out L; 1s¢catenlater, from total wire out and 
Planned wire out. The difference between total wire out and 
Planned wire out of the deepest bottle of a cast is AL. Wire 
out at any other depth then is given by: 


Tqe= bojad See Pi np max) 


4.1.2.3 Nominal Pressure 


Nominal pressure Pai is calculated: 


9.8066 : ~6,,.¢ yi 
eae a 5 (1,02736L; + 2.465 x 107°n,% - 1.847 x 10724, 3) 


where Lj is wire out for planned wire out L,;. This» equation 
has been derived by Fofonoff (pers. communication) for the 
North Pacific, but it can be used anywhere as a first approx- 
imation. 


4.1.2.4 Observed Pressure 


Observed pressure is calculated from the mean 


protected temperature Tj at Zyjj and the unprotected temperature 


sl il ot 
Wd. 
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where the pressure coefficient Q is given in °C/kg/cm2 and g = 
9.80665 is standard gravity. If two unprotected thermometers 

are used at any level, Poj is calculated for both observations 
and the mean is used for further computations. 


4.1.2.5 Smoothed Pressure 


Smoothed pressure is calculated from true depth as 
outlined in Section 4.2 if pressure has not been observed. 
Otherwise, it is calculated as described below. 


If pressure has been observed at one level only, a 
second degree curve is fitted to the observation. The curve is 
constrained to meet the veurtace (Pa = 614 0) under the 
observed wire angle a: 


2 
Puy fi Rok Pewehtaio ci Ge ee! ths <M Fin 


where k = 1. The unknown constant ag is solved exactly and the 
smoothed pressure, P.4 at.all, other levels), is then, calculated 
using the same equation, substituting P., by Psj and P,, by Phy: 


Below the level Lex of the deepest pressure observation 
pressure is determined by linear extrapolation from Pez and 


Piz; ata level} L; = On. Ba bes 


For levels L. > 1.15 x Lk, however, smoothed pressure is 
calculated bv: 


Pej (hy 21.15 x L,) = Pox + (Pyy - Poy) 


If pressure has been observed at K = 2 or 3 levels, 
a polynomial of order K is fitted by least squares to the 


difference between nominal and observed pressures. If K34, a 
fourth order polynomial is fitted. In all these cases the poli- 
nomial is restrained to reach the surface (Py) = Po = 0) 


under the observed wire angle a: 


2. wii toe, ween 3 2 
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where k = 1,...,K.: The unknown constants aj, 43 and a, are 
Solved by .Least squares jand pememsmoothed pressures? oy atid 
observed levels is then calculated using the same equation, 
rephacung: Poss by, and; Prorby 2, 


Sj ar 
At levels below the deepest observed pressure, P,4 
is again determined as outlined above for the case of K = l. 


Lil. 286.0 Lie nDep th When Pressure Not Observed 


True depth is only calculated from wire out and wire 
angle if pressure has not been observed. In this case, true 
depth is given by: 


down to the deepest observed depth above 110 metres, Leas and 
J 
below that by: 


4.2 PRESSURE AND DEPTH 


A 2. Calculat Tome 


Both the Thermocheck and the OCEANS IV Edit program 
convert depth to pressure and vice-versa. In the Thermocheck 
program pressure is calculated and smoothed before conversion to 
depth. If no reversing thermometers are used, depth is calcul- 
ated from wire out and then converted to pressure. The OCEANS 
IV Edit. program can accept either pressure or depth, and the 
missing level indicator is calculated (if both are given, no 
calculations are performed). The depth to pressure and pressure 
to depth conversions are outlined below and justified in the 
next subsection. 


The hydrostatic equation relates depth, Z,to the 
pressure, P, and the density, 0, of the water column: 


Pi 
Eatedp AD i 


Pg 
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where g = g, = 9.80665 is standard gravity in the Thermocheck 
program and g = g($z) in the OCEANS Edit program (see Section 
4.3.1). This equation can be integrated, using Simpson's rule 
to find the depth of a level of known pressure. For stations 
with few or no observations near the surface, however, the 
results may become erratic, and nearby stations with differing 
distributions along the vertical of the observations then 

may give incompatible results. A fairly sophisticated logic 
would be required to determine the validity of the results. 


For these reasons a simplified version of the 
hydrostatic equation is used in OCEANS IV: 


where p,; 1s the mean density, above the level» 2, (Table 4a) 

In a first approximation 4, is calculated for —.4 at a cepun 
numerically equal to Pj. This is followed by a second 
approximation taking ~,j at the calculated depth Zi. The depth- 
density table can, for special projects, easily be substituted 
by another depth-density relationship. 


Pressure can Similarly be computed from depth by 
inverting equation 4-2-2: 


using the same depth-density table. 


40232) (JUStLELCHtiOn 


Integration of the hydrostatic equation undoubtedly 
gives the best numerical conversion of pressure to depth, 
provided that density has been observed at an adequate number of 
levels. The difference between this and using a standard depth- 


density table, however, is smalji compared with the uncertainty 
in Z, caused by errors in the pressure measurement. The argu- 


ment’ will be carried through for pressure determinations with a 
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The.North Atlantic. table.for 


DEPTH-DENSITY TABLES 


Table 4.a 
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is used as the standard 
The tables are taken 


depth-density relationship in Bein ale 
from the "Handbook of Oceanographic Tables" 


Depth 
(meters) 
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Pacific 
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1.0289 
1.0304 
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(NAVOCEANO, 1966). 
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reversing thermometer. The results will be valid in general 
unless either depth or pressure determinations can be signifi- 
cantly improved. 


In the past decades several studies have been published 
relating to the accuracy of depth determinations obtained with 
reversing thermometers. Wust (1933) originally estimated a 
mean depth error of 5 metres for levels between 100 and 1000 m 
and of 0.4 to 0.6% for deeper levels. This estimate is based 
on an estimate of the errors in Q, Pm and At = Ty - Tp for 
thermometers used on the German Meteor Expedition in 1925-1927. 
Whitney (1957), in a more detailed analysis of possible error 
sources involved in the usage of reversing thermometers, but 
excluding the effect of pm, finds a somewhat lower probable 
error range of 0.2 - 0.5% for depths below 1000 m. These are 
estimates of the depth error, but can equally well be considered 
as estimates of the pressure error, since the effect of gravity 
changes have not been taken into account. 


Whitney's and Wtist's lower estimates may well be on 
the low side in view of the results of a recent comparison of: 
thermometer calibrations carried out by four different 
laboratories (Martin et al, 1968). They found a mean error 
in the Q-factor determinations of 0.36% and a standard deviation 
of the differences between laboratories of 0.41% (for Q 
measurements under pressures of 2000 and 3000 db). Martin 
et al also found significant systematic deviations between the 
determinations of the index correction (S.D. = .016°C), and 
small deviations for Vo, but these may not affect thermometers 
calibrated by the same laboratory. Errors in pressure are 
determined by the relative errors in the index correction and Vo 
between the thermometers used, but by the absolute error in Q. 
These results suggest a 95% confidence limit for the pressure 
measurements of at least 0.8% instead of the 0.2 to 0.6% indic- 
ated by Whitney and Wust. 


A second source of errors originates from the 
horizontal and vertical variability of the gravity field. In the 
Thermocheck program gravity is taken as constant. In actual 
fact it varies with latitude (+ 0.26%), increases with depth 
(0.1% at a depth of 5000 m) and is subject to a local variability 
(usually remaining well within +0.01% over the open ocean). 

The major variability factor thus is dependent on latitude, 
which may introduce errors in the pressure to depth conversion 
up to plus or minus 0.26%. This effect was pointed out by 
Sturges (1968), who argued that equation 4-2-2 should be 
replaced by: 
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Table 4.b 


INFLUENCE OF py, ON THE DETERMINATION 
OF DEPTH FROM PRESSURE. 


(ear a Max. 


Station deviation 
Data Np Rel Arct. N.iEstsePac. Med. 
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where g(¢) is gravity as a function of latitude. In the OCEANS 
IV edit, the areal variability of gravity has been taken into 
account (see Section 4.3.1 on gravity). The Deck Sheet data 

do not include location, and the Thermocheck program therefore 
cannot include the latitude correction. 


The errors due to incorrect calibrations and gravity 
variations can be compared with differences introduced by 
varying the depth-density table, which under normal conditions 
remain within 2.5 metres at a depth of 1000 m and less than 
0.2% for deeper levels. These figures have been determined 
experimentally by taking three stations, one in the Labrador 
Sea (N59°23', W49°45') and two in the North Atlantic Ocean 
(N40°23', W42°38' and N19°36', W68°04'), see Fig. 4.a, and 
calculating the depth using the actual observations and four 
different depth-density tables. The depth-density tables used 
are given in Table 4.a and the results in Table 4.b. Errors 
are small even when the Mediterranean depth-density table is 
used. Excluding this area, where py, is exceptionally high due 
to a high salinity, errors remain within 1.3 metres at 1000 m 
and within 0.08% at deeper levels. 


The use of a standard depth-density table thus seems 


to be justified for all open ocean waters. The error introduced 
is less than 0.08%,which can be compared with an estimated error 
in the pressure measurement of 0.5 to 0.8%. If standard 


gravity is used, as in the Thermocheck, an additional error, 
increasing from 0 at latitudes of 45° to plus or minus 0.26% 
at the equator or the poles respectively, is introduced due 


to the difference between local and standard gravity. 


4.3 DERIVED PARAMETERS 


4.3.1 Gravity 


Gravity is calculated as a function of latitude @¢ and 
depth 2z: 


g(¢) = 9.780356 x {1 + 5.2885 x 1073 sin} - 5.9 x 10-6 sgin2(24)} 


gtzoh =ag (op xiCR4 92028 cx tot F ex 2) 


The equations for g(¢) are, for example, given in the Smithsonian 
Tables (List, 1966) and in the Handbook of Physics and Chemistry 
(CRC, 1965); the equation for g(zo) as a function of g(¢) in 
Proudman (1953, page 2), 
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Gravity varies over a range of 0.052 m/sec? with 
latitude, increases by 0.011 m/sec? at a depth of 5000 m and is 
subject to a local variability usually remaining within a range 
of plus or minus 0.001 m/sec* over the open ocean. 


The eftect of gravity on the pressure-depth conversion 
is discussed in some detail in Section 4.2.2. For the purpose 
of the pressure-depth conversions in the OCEANS IV Edit and 
in the calculations of the potential energy anomaly, the 
above equations for gravity are used. 


In the pressure-depth conversions and the observed 
pressure calculations in the Thermocheck, however, a constant 
value of gravity, go = 9.80665, is used. It is based on early 
measurements of g, at a Takatude of 45°. This value is 
presently also used to define the relation between a kilogram- 
force and the Newton (Anderton et al, 1967), although more 
recent measurements show that it is aLaahily too high. (List 
(1966) indicates a value of 9.8062 for Jor at 45°. The difference 
between these two values of g,, however, is negligibly sua te 
for the present purpose. 


45312 Sigma-t 
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The specific gravity anomaly of seawater at atmospheric 
pressure, Sigma-t, is defined by: 


g —_ GC = /000 Pe oO —Psxepe ry pes 


a ooo x (p. , pints a /.o) 


where Ps, t, p= is the specific gravity of seawater as a function 
of salinity S, temperature T, and oceanographic pressure P = 0. 


Traditionally the terms specific gravity and density 
have been confused (see, for example, Cox, 1964). Strictly 
speaking, specific gravity is defined as the ratio of the mass 
of volume of water over the mass of an equal volume of pure 
water at a temperature of 4°C and under a pressure of one 
standard atmosphere; it is a dimensionless parameter. Density, 
on the other hand, is defined as the mass of a unit volume of 
water, and has a dimension of mass over volume. Up to 1964 the 
accepted unit of volume, the litre, was defined as the volume of 
1 kilogram of pure water at 4°C and 1 atm., and the numerical 
values of specific gravity and density were equal. At the 


EHC Oud, 


watew 
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General Conference of Weights and Measures ‘in October 1964 the 
unit of volume has been redefined to be the volume of 1 cubic 
decimetre. This imtroduces a Slight, but noticeable, difference 
between el Soa gravity and density, as the density of pure 

S“6Gual to 1.000.027 q/cm3 instead of unmiey (CRCy 19¢ 


The influence of this on sigma-t is negligibly small, since the latter 
is defined as the difference between two specific gravity or two 
specific density values, respectively. 


ose AP aye’ Equations 


Tables-and formulae giving @+t as a. function of temper- 
ature and salinity have been developed emperically by Knudsen 
(1901). His original equations have been rewritten by analytical 
expansion to give the polynomials presented below, rounding off 
the coefficients to a maximum of 10 significant digits: 


ot - + a7 + oo ph, A ts Te 
aa ce cj 
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where aj, Ajj and b+ are constants given in Table 4.c. This 
version of Knudsen's equations was derived by Fofonoff et al. in 
1958, small corrections have since been made in the coefficients 
aj, az and ay. 


The modified Knudsen's equations given above have 
Originally been developed to save on memory requirements in a 
small computer. With the computers presently in use this is no 


‘longer necessary, and it would be theoretically more correct 


to use Knudsen's original equations. This however, is not done 

in OCEANS IV, mainly because Fofonoff's equations have been much 
more widely accepted for computerized routine calculations than 

Knudsen Us. 
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Specitic volume, &% | is) defined as the volume occupied 
by, 4 unit weight of water witha sabkinity 8S, wenperatume al fend 
under an oceanographic pressure (P,siand it sisxexpressed in’ units 
of cubic centimetres per gram. Specific volume thus is the 
inverse of the density d of a sample. The relation between ©, d 


a2 


and the specific gravity 
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P, used to define 5%, is given by: 
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stp Psep x 1,000,024} 


Op 


pees 
The difference between specific gravity and‘ density is discussed 


in the preceding section. 


The specific volume anomaly 5, 


is a measure of the difference between the specific volume of a 
sample and that of water with S = 359/700, T = 0°C and under the 


same pressure Ps 


= 
S,t,p $,T,p 
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A. aver Equations 


The equations for o,4, have been developed 
emperically be Ekman (1908). They have been rewritten for ease 


of programming on a small 
The derivations, which are 
the original equations and 
been fully documented, but 
communication, Fofonoff). 


tsp i+ lo 
- 
$72; 
P a, +a, P 


computer by Fofonoff et al. (1958). 
based on an analytical expansion of 

a recombination of terms, have not 
have been thoroughly checked (personal 
The equations are: 


and the specific volume anomaly is given by: 
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Table 4.c 


SIGMA-T CONSTANTS 


67.26 
+4.53168 42620 
-0.54593 91107 
-1.98248 39871 x 107° 
-1.43803 0609 x 10” 


1.00000 00000 
-4,7867 x 107° 
+9.8185 x 107° 
= 1.108 63, 5081.0- ° 
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The constants aj, A;+, and d; are given in Table 4.d and 6 


fe) 
and o, have been defined in the preceding section. 


Ekmen's original equations are not used in 
OCEANS IV for reasons similar to those leading to the rejection 
of Knudsen's original equations for sigma-t (see preceding sec- 
ELON) 


4:;3,4. Sound Speed 


A364. bo. Denn tion 


Sound speed is the speed of propagation of sound 
waves through the water. It is independent of frequency, 
except in very shallow water or for very low frequencies when 
the wave length is of the same order of magnitude as the bottom 
depth. 


ioe Equation 


Sound speed is a function of salinity, temperature 
and pressure, and is calculated using Wilson's (1960) equation: 


V- = V pO weet 7." 
ijk ok 


where Q is the absolute pressure in kg/om, which can be calculated 
from .P (CRC, 1965). 


Oneal 60323 + 07101,971,6°% F 


The constants Vj4,~ are given in Table 4.e. Wilson's equation 
has been calibrated for the full range of salinities, temperatures 
and pressures normally occurring in the open ocean. 


49325 Geopotential Anomaly 


4.3.5.1. Deftinveron 


Two alternate methods of calculating geopotential 
anomaly (frequently also called dynamic height anomaly) are 
available, depending on whether output is required for 
predetermined depth levels or isobaric surfaces. 


If output is required for fixed depth levels, the same 
calculations formerly used in OCEANS III will be provided: 


Sects on 43325 


Table 4.e 


SOUND VELOCITY CONSTANTS 
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Cae) P(z,,) 
LaDig ys [ Sop es rire ol p =] distr) dp 


where AD(Z,) is the geopotential anomaly in dynamic metres 
(105 ergs/g), P(Zn) the pressure at a depth Zn, and ee = 
is defined in Section 4.3.3. 


Astp 


If output is required for isobaric surfaces, the 
following equation will be used: 


a 
Ai Dil Pag -f S (stp) dp 


where Py, is the pressure at the desired isobaric surface. This 
method is presently used by Bedford (personal communication, 
W. Forrester; see also Reiniger et al, 1968-A). 


4.3.5.2 > Calculations 


Both ieee iy are evaluated using the trapezoidal rule: 


4D(2Z,)= E {5 (stp (2,)+ J (stp (2. a. 
x wee “a alae a ) 


ee ee 


and 
Ayal Ng: + a S(stp,) + dlstp, fr-FR AS be 


where i= 1, ...; n-l1 are the observed levels Z, and Py, 
respectively. 


The accuracy then is improved by making successive 
approximations. Using Reiniger and Ross' interpolation method 
(Section 4.4.2), the density profile is defined, and the number 
of points used to evaluate (4.3.1) or (4.3.2) is successively 
doubled until the difference between successive approximations 
falls below 0.001 dynamic metres. Doubling the number of points 
is accomplished by taking values for levels midway between each 
pair (277211) tone (Py, VP#=)) trespectively: 


Section 4.3.6 a7 


The basic assumption behind this approximation 
procedure is that the true profile of a parameter can be 
approximated better by a series of hyperbolic interpolations 
than by a series of straight lines connecting the observed 
points. No study has been made to determine whether this leads 
to a real improvement of the results. 


AS DaS, |) LLMVeatrons 


Geopotential anomaly is not calculated if the first 
observed depth 2) (or pressure P,) exceeds 10. For 
Oo ee, SOLO or. 0! Psi iO:, the surface; value of, 6 “1s)taken: tto 
be- equal. to. 6(2;) on O(P;.) respectively. 


4.3.6 Potential Energy Anomal 


4.3.6.1 Definition 


The potential energy anomaly x, at a depth Z, relative 
to the surface is defined by: 
Fitz.) 
7 aa See a 


o 


where g is the gravity acceleration (Fofonoff, 1962). It is 
expressed in units of 108 ergs/cm¢. If output for fixed pressure 
levels is required, P(Zpn) is replaced by P,. 


4.3.6.2 Calculations 


The above equation is evaluated using the trapezoidal 
rule: 


Se AEE OU, Mia Baie oo 8: SO YG aa eae 
re 29 472 rR a) nm-) m-f 


The accuracy of the result can be improved by a similar procedure 
as outlined for geopotential anomaly, using successive 
approximations doubling the number of levels. For these 
intermediate levels 6 is given by Reiniger and Ross' interpolation 
formula (Section 4.4.2). 


Similar calculations can be made to standard pressure 
levels. 
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4.3 46%3eerLiMi tations. 


The potential energy anomaly is not calculated if the 
first observation is taken at a pressure level Pj ,>10; for 0<P,<10 
the surface value of 6 is taken equal to 6(Pj). 

4.3.7 Potentwal Temperature 


4 Sis died DEE LiLon 


Potential temperature is the temperature that a 
water sample would attain if raised adiabatically to the sea 
surface. 


4.3.1.2 7 Cabcularcions 


The equations to calculate the potential temperature 
@ have been developed by Fofonoff et al (1958). The equations 
below are taken from Ralya (1968). 


Oo. Tae 


A Ors sts Se ee) 
ey: ijk 


where 

Aloo = -1.60 x 107° Alog = 4apk % 10—> 
Alol = +1.014 x 107° Ale ae oka ear nen 
Alo2 = -1.27 x 1077 A201 = -2.77 x 10719 


ke -9 
B03. 0 hes aires Hos SUdkoes ce Le 
Riv = +1.322 4 10 


A = =1.557 x 10713 
i. 300 
Apply Spree. 621k 0 


4.3.8 Sigma-0 


Sigma-6@ is calculated as Sigma-t, replacing 
temperature T by the potential temperature 60. 


4.4 INTERPOLATION ROUTINES 


A choice of two interpolation methods is provided to 
interpolate observed or derived parameters to non-observed levels: 
the modified Rattray (1962) and the Reiniger and Ross (1968) 
methods. Both methods use two hyperbolic functions, fitted to 
partially overlapping groups of three points around the desired 
interpolation depth Z;. The value A; of the observed variable A 
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ac’ the wWdepth ©27-is “obtained by’ taking’ the: arithmetric#meanocor a 
weighted mean of the two hyperbola respectively. ’ 


4.4.1 Modified Rattray Interpolation Method 


Let the parameter A take the ee A- ais 
at the depths 24-9, 24-1, tf and, lee os be its 
idterdétatea value at a depth 2}; sl that? Ls gees 21.505 <Z4< 
Z541- Rattray’ (1962) then gives for A; the Lad ibeiaeae equation: 


Ags= dite boAr gh Ae 


and Ne are; obtained by three-point interpolations using 


et A. . 
Le Z and Zils Zee al respectively: 
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2 
and he is calculated similarly from the function Me by replacing 
j with j+l in the above equations. 


The interpolated values are assigned an error estimate 
P., which is based on the distance between the two hyperbola at 
the interpolation depth: 


! an A* 
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The "goodness of interpolation" estimate P,; is coded as described 
sig te Re prc BSN AS 


4.4.2 Reiniger and Ross' Interpolation Method 


Let the parameter V take the values V1, V2, V3, V4 
at the dépths?44 7°25, 02a. 24 where es through Z4 are the levels 
used for the interpolation in order of increasing depth. Let 
Vp be the interpolated value at a depth Z such that 2)<2Z2<2<23<Z4. 
Reiniger and Ross (1968) then calculate a weighted mean for the 
two hyperbola, using the following equations: 


V(P) id | Va - Vp, | V Pz + | Vr - Vp, | VP, 
[Ve sVelbt ] Vae= Medd 


where: 


Wie fy + ee et | 
a 
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i 2 3 
Veto | C6 V6 ieee ma Er Clg 4) 


Via Me 2 ee alae tal 
ty Za Ds 


An error estimate P of the interpolated value is 
calculated by: 


Res $[]{vm Hl Vp, }{ VIP) - Vo. | \" 


and the "goodness of interpolation" estimate P is coded as 
describeduin (Pig, o.45. 
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ads) a pPeCial Cases 


In general the interpolation schemes require two observed 
values of a parameter A above, and two below the interpolation 
depth. When this is not the case, a linear interpolation is 
performed or the data are not interpolated at all. If linear 
interpolation is used, the interpolated value is followed by a 
W in the precision code column. The following special cases 
can be distinguished: 


1. When less than four depths have been observed. In this case 
no interpolations are performed. 


2. Near the surface. If less than two observations occur above 
Z;, a linear interpolation using the two upper observations 
is performed. No extrapolations are made over a distance 
excecd i ngwhoemet ree Onl. o¢x (Z58- 21), waEchever is Smaller, 


3. Near the bottom. If less than two observations occur below 
Zi, a linear interpolation using the lowest two observations 
is performed. No extrapolation is performed to depths 
exceeding the deepest observation by more than 10% of the 
depth difference between the deepest two observed levels. 


Other special cases occur when: 


1. The desired standard depth coincides with an observed depth. 
In this case the observed variables are transferred without 
change to the standard depth. If two or more observations 
have been taken at this depth, only the first one will be used. 


2. Observed depths are spaced too far apart or too irregularly. 
This can occur if bottles are purposely spaced closely at 
some levels, or if two or more partially overlapping casts 
are taken, or if values of A are missing at two or more 
consecutive depths. Sample spacing therefore is checked as 
shown below and judged unacceptable if: 


«hice air Ra 4.4.1 
Ziad cnaZae 

or 
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Be aes ee ~§ 


42 


Sect pon 44/e3 


In the first case, with too small an interval between 
the upper two points, interpolation is carried out using 
24-3, ainls Zs, 2541 instead of Z4-2, 24-1, Z1, Z+44- 
If the lowest interval is too small, that is if equation 
is not satisfied, Asiy Will be- replaced by "Aa7).°. In, either 
case the equations 14.4.1) and (4.4.2) are tésted again before 
interpolation is completed, and the procedure is repeated 
until they are satisfied, or until surface or bottom is 
reached. When that happens, A; will be determined by linear 
interpolation using Zs and Za. 


The interpolation error is too large. Linear interpolation 
will be used when the error estimator Pj exceeds 0.1 for 
temperature, 0.01 for salinity or 20 units for any chemical 
parameter. 
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APPENDIX A 


System Summary 


The flow of data through the OCEANS IV system is 


summarized in the flow diagram shown in Fig. A.1. The major 
programs are: 


1) 


3) 


4) 


5) 


Thermocheck (4010), which accepts reversing thermometer 
readings and computes corrected temperature and pressure 
values which are output onto the Thermocheck transaction 
tape. The processed data are listed with, when necessary, 
the appropriate error messages and a summary of thermometer 
performance. 


Edit (4022), which accepts all data entered on Data Summary 
and other input forms and the output of the Thermocheck 
program. All data are thoroughly edited for validity, 
reasonableness, existence where necessary (for example, for 
identifying information), and consistency. Editing of the 
data continues as long as possible even if errors are found 
invalidating individual cruises, stations or levels. Such 
data, however, are not passed on into the OCEANS IV 
transaction file. All processed data are listed, together 
with error messages and, for data not entered onto the 
transaction file, rejection messages. 


Update (4041), which updates the Station Master and Level 
Master files. The OCEANS IV Transaction. file is first 
sorted into geographical sequence, using the COTED key 
described in Appendix F. The Update program also prints a 
one-line summary of each cruise transferred onto the master 
files (Cruise Master Summary) and extends the Station 
Master records to include a summary of available information 
for each station. This summary shows minimum and maximum 
observed depth, parameters observed, etc. (see Station 
Master Catalogue for details). 


Report (4052), which prints a Data Report from the OCEANS IV 
transaction file or from the Extracted Data file produced by 
program Retrieve. It can also reproduce the data on cards 
Or magnetic tape in OCEANS IV format. A separate program, 
Convert (4002), is available to convert the data to the 
previously used OCEANS III format. The Report program 
calculates, upon demand, derived and interpolated data. 

(See sections 3.1, 4.3 and 4.4) 


Retrieve (4050), which can selectively extract data from the 
Master files. If Data Reports or data on cards or magnetic 
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Fig. A.1 Summary Flow Diagram for OCEANS IV. 
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tape are required, this program can be followed by two further 
steps as described in Section 3.2. 


A number of minor programs, such as a card-to-tape 
program preceding the Edit, or sort programs preceding several 
of the major programs, also form part of the system. For a 
discussion of these, however, reference must be made to the 
systems manual; their function is not essential for basic 
understanding of the OCEANS IV system. 


The system utilizes strictly sequential processing. 
The Thermocheck and OCEANS IV transaction files are in cruise 
sequence and the master files in geographical sequence. 
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INPUT FORMS AND CODING INSTRUCTIONS 
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CODC DECK SHEET — CODING INSTRUCTIONS 


USING THIS FORM 


The CODC Deck Sheet is used to submit to CODC, for correction and/or archiving, temperature 
readings obtained with reversing thermometers. If salinity has been measured simultaneously, it 
may be entered on the same form or alternately, together with any other observations, on the 
CODC Data Summary. 


COMPLEMENTARY FORMS 


If the Deck Sheet is used to submit data to CODC only for correction of temperature readings, 
it must be accompanied by a CODC Cruise Master. If it is used to submit data for both correction 
and archiving, the CODC Bridge Log or the CODC Data Summary must be used to submit Station 
Master data such as sampling location, time, etc. In all cases thermometer calibration data should 
be made available to CODC. 


GENERAL NOTES 


1. The lines in the main part of the form are grouped in pairs, providing space for entering first 
and second readings of each thermometer on the two lines respectively. Second readings must be 
entered. 


2. The left hand side of the form is provided for the user’s convenience. It need not be returned 
to CODC. 


3. Leading and trailing blanks are allowed in all fields except in the Cruise Number field, which 
must start with the last two digits of the year of observation of the first station. The last figure 
before a decimal point, however, must be entered; e.g. a temperature of 0.1 °C can not be coded 
as). Me 


4. Never enter data for different casts on the same sheet. 
5. Shaded portions must be left blank. 


6. Surface temperatures not observed with a reversing thermometer can, if desired, be entered 
in the Main Temperature field. In that case a ‘’B’’ must be placed in the P/U column and columns 
31 through 39 may be left blank. 


SPECIFIC NOTES 


Field Name Column Explanation 

Country 1-2 Same as on CODC Cruise Master; always 18 for 
Canadian Cruises. 

Institute 3-4 Same as on CODC Cruise Master. 

Cruise Number 5-9 Same as on CODC Cruise Master. 


FY Ga teree are Deck" Sheet codungr instructions. 
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Field Name 


Consecutive Station Number 


Messenger Down 


Wire Angle 
Total Wire Out 


Number of Casts 
Wire Out 


Left Thermometer 
P/U Code 


M Code 


Serial Number 


Auxiliary Temp. 


Main Temp. 


Middle Thermometer 
Right Thermometer 
Salinity 


Card Type 


Column 
10 —12 
13 — 16 
17 — 18 
19 — 23 
24 

25 — 29 
30 — 44 
30 

31 

32 — 36 
37 — 39 
40 — 44 
45 — 59 
60 — 74 
75 — 79 
80 


Fig. Biicws Deck Sheet 


Explanation 


Stations are numbered chronologically throughout 
the cruise; for the Thermocheck Program stations 
have to be in ascending order but not necessarily 
consecutive. 


Messenger time in hours and minutes GMT. 


Wire angle in degrees measured at Messenger Down 
time. 


Distance in metres along the wire between the water 
surface and the deepest bottle on the cast. 


Number of casts taken on this station. 


Distance between the surface and the bottle depth 
measured in metres along the wire. Note position of 
the decimal point. 


See following breakdown by sub-fields. 


Enter P or U to indicate whether the thermometer is 
protected or unprotected, or B when the temperature 
has been determined other than with a reversing 
thermometer. In this case columns 31-39 may be 
left blank, but the Main Temperature Field must be 
completed on both the first-and second-reading cards. 


Enter manufacturer code: 

R = Richter & Wiese 

Y = Yoshino 

N = Negretti and Zambra 

(See also explanation of column 30). 


Five digit thermometer .:number assigned by the 
manufacturer. (See also explanation of colurnn 30). 


Enter Auxiliary Thermometer Reading in degrees 
Celsius. Minus signs, if applicable, should be entered 
in column 37. (See also explanation of column 30). 


Enter Main Thermometer Reading in degrees Celsius. 
Minus signs, if applicable, should be entered in 
column 40. (See also explanation of column 30). 


See instructions for Left Thermometer. 
See instructions for Left Thermometer. 


Salinity may be entered if desired, in parts per 
thousand; note position of the decimal point. 
Alternately, salinities can be submitted on the CODC 
Data Summary sheets. 


Preprinted. 


coding instructions (continued). 
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CODC DATA SUMMARY 
CODING INSTRUCTIONS 


USING THIS FORM 


The CODC Data Summary is used to submit calibrated 
and corrected Oceanographic Station data to CODC. 
The form consists of two parts, the Station Master 
and the Observed Detail. The Station Master contains 
all information identifying the station in space and 
time as well as Sounding Depth and Meteorological 
Data. The Observed Detail contains al! information 
observed at each sampling level. 


COMPLEMENTARY FORMS 


The Data Summary forms must be submitted together 
with a CODC Cruise Master for each cruise, and can, 
if desired, be combined with CODC Deck Sheets 
and/or CODC Bridge Logs. 


The CODC Deck Sheet can be used to submit 
uncorrected Reversing Thermometer readings. After 
correction by our Thermocheck Program, the tem- 
peratures will be merged with other data contained 
on the CODC Data Summary. In this case field 27 on 
the Data Summary must be completed to match it 
with input from the Deck Sheet, whereas fields 23 
through 26 can be left blank. 


The CODC Bridge Log can be used instead of the 
Station Master section of the Data Summary to enter 
position, time, bottom depth and meteorological data. 
The first four fields on the Station Master, however, 
must still be completed to identify the station. 


GENERAL NOTES 


1. Leading and trailing blanks are allowed in all 
fields except the cruise number field. 


2. Any non-observed fields can be left blank; only 
the first seven fields on the Station Master must be 
completed. 


3. The location of decimal points, whenever ap- 
plicable, is indicated on the form. 


EUG. BE Dine 


4. A provision has been made to enter arbitrary 
Station codes or any other alphanumeric information 
in the “Unassigned” field. (This information is 
reproduced in data listings, but cannot be used to 
search for a station in CODC’s files.) 


5, Any parameter for which a choice of units can be 
made, must, throughout the entire cruise, be entered 
in the units specified on the Cruise Master, 


6. Meteorologica! data can, if desired, be taken from 
the appropriate columns in the Department of 
Transport’s ‘Selected and Supplementary Ships’ Me- 
teorological Log”, which is coded using DOT’s 
“International Meteorological Code Card for Selected 
and Supplementary Ships’. (See also Note 5 
on the Cruise Master.) These codes have been set by 
the World Meteorological Organization. The codes 
accompanying the present instructions are based on 
DOT's coding instructions of January 1, 1968. If 
these are modified, data can be entered according to 
either the revised DOT Code Card or the 1968 Code 
Card, provided that the year of publication of the 
code card used is indicated. Optionally, data can also 
be entered in units specified on the Cruise Master. 


7. If an entry in a certain column or field remains the 
same at a number of subsequent levels, it is sufficient 
to enter it in the highest and lowest of these levels 
only, connected by a vertical arrow. 


8. Depth and Pressure need not both be entered; 
either one of the two can be left blank. 


9. Up to ten different parameters can be entered for 
any one station. If more than five are given, enter 
parameters 6 through 10 on the next line of the 
form, repeating the level indication (Depth, Pressure 
or Wire Out, depending on which is used on the 
preceding fine) on the second line. All other fields 
can be left blank on the second line. 


10. The error columns following the Temperature 
and Salinity fields can be used to indicate data 
sampled with a MPR by entering a “P’ (MPR = 
Multiple Probe Recorder such as STD, etc.). 
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SPECIFIC NOTES 


Field 


STATION MASTER 


Field Name Column 


Explanation 


10. 


UE 


12) 


13. 


Country 1-2 


Institute 


Cruise Number 


Consecutive 
Station 
Number 


Same as on CODC Cruise 
Master; always 18 for Cana- 
dian cruises. 


Same as on CODC Cruise 
Master. 


Same as on CODC Cruise 
Master. 


Stations must be numbered 
consecutively throughout the 
cruise in a chronological 
order. A new consecutive 


iy number is required each time 


Latitude 13 — 19 


Longitude 20 — 27 


Date — Time 28 — 37 


Number of 38 — 39 


Depths 
Observed 


Blank 


Sounding Depth 43-47 


48 — 52 


Unassigned 


Cloud Amount 53 


Wind 
Direction 


54 — 55 


Fig). (ears 


the station is reoccupied, 
even if no other locations are 
sampled in the intervening 
period. Other station code 
numbers can be entered in 
the “unassigned” field (num- 
ber 11) if the data originator 
so desires. 


Latitude of the station. Enter 
N or S in column 13 to 
indicate north or south lati- 
tude. Position is given in 
degrees and minutes with up 
to two decimals. 


Longitude of the station. 
Enter E or W in column 20 to 
indicate east or west longi- 
tude. Position is given in 
degrees and minutes with up 
to two decimals. 


Sampling time of the first 
observed level is given in 
Greenwich Mean Time 
(GMT). The last two digits of 
the year (e.g. 70 for 1970) 
are followed by month 
(coded 01 through 12), day, 
hour and minute. 


Enter the number of levels at 
which observations are made. 


These columns are reserved to 
insert a computer-calculated 
Marsden Square number. 
Sounding depth in units in- 
dicated on the CODC Cruise 
Master. Note location of the 
decimal point. 


These columns can be used to” 


enter any alphanumeric in- 
formation the data originator 
wishes to be printed in pro- 
visional or published Data 
Reports produced by CODC. 


Fraction of the sky covered 
by clouds of any type is 
coded on an octal scale where 
0 stands for no clouds and 8 
for a completely clouded sky. 
(Table 1) 


True direction from which 
the wind is blowing, in tens 
of degrees. Enter 00 for calm, 
01 for 10°. 02 for 20° and so 
on by ten-degree steps right 
around to 36 for a north 
wind. 


Field 
No. 


14. 
15. 


16. 


17. 


18. 


20. 
21; 


Field Name 


Wind Speed 


ww Code 


Pressure 


Air 
Temperature 


Wet Bulb 


Wave Period 


Wave Height 


Swell Direction 


Swell Period 


Swell Heigiic 
For CODC Use 
Card Type 
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Explanation 


Column 
56 — 57 
58 — 59 
60 — 62 
63 — 65 
66 — 68 
69 — 70 
71-72 
73 —74 
75 — 76 
41-78 
79 

80 


Windspeed can be measured 
in metres per second, knots, 
feet per second or statute 
miles per hour, or estimated 
on the Beaufort scale (Table 
2). It must be entered as 
indicated on the Cruise Mas- 
ter. 


N.B. The DOT meteorolog 
ical Log code gives wind- 
speed in knots. 

Coded according to Table 3. 


Enter the last three digits of 
the barometer reading, or of 
sea level pressure, in units 
indicated on the Cruise Mas- 
ter. For example: 1026.4 
mbar is coded as 264; 987.3 
mbar as 873 and 768.3 mm as 
683. Sea level pressure can be 
obtained from the barometer 
reading by applying correc- 
tions for barometer height 
and outside air temperature 
using Table 4. 


N.B. The WMO code gives sea 
level pressure in mbars. 


Enter air temperature in units 
stated on the Cruise Master. 
Negative Celsius temperatures 
are coded by adding 50 to the 
absolute value of the meas- 
urement (WMO) code). Nega 
tive Fahrenheit temperatures 
are coded by placing a minus 
sign in the last column (65). 
Omit decimals when coding 
in Fahrenheit. For example: 
14.2°C 714.2 | 14.2°F +14. 
—14,2°C > 64.2 |-14.2°F > 14.- 
Coding as for Air Tempera- 
ture. 


Enter the estimated period of 
sea waves in seconds, When 
the sea is calm, or the period 
indeterminate, enter // or 
leave blank. 


Estimate the average height 
of the larger well-formed 
waves of the sea wave system 
in multiples of 0.5 metres. 
The height is then coded in 
units of half-metres. For 
example, an observed wave 
height of 5 metres is coded as 
10. 


True direction from which 
the waves are coming in tens 
of degrees. Enter 00 for calm, 
01 for 10° 02 for 20° and so 
on by ten degree steps right 
around to 36 for a wave from 
due north. 


Code as Wave Period, see ins- 
tructions for field 18, or 
according to Table 5 as in- 
dicated on the Cruise Master. 
N.B. The WMO code gives 
swell as P\,,. 


Code as Wave Height. 
To be entered by CODC staff. 
Preprinted. 


Data Summary coding instructions 
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OBSERVED DETAIL 
Field 
No. Field Name Column Explanation 
23: Time GMT 13—16 Sampling time at each ob- 


24. Depth of Sample 
25. Pressure 
26. Temperature 


17-21 
22 — 26 
27 
28 — 32 
33 


served level in hours and min 
utes Greenwich Mean Time. 


Enter sampling depth in units 
indicated on the Cruise Mas- 
ter. Can be left blank if 
Pressure is entered in field 25 
or if Temperature and Depth 
are obtained from Reversing 
Thermometer observations 
submitted on the CODC Deck 
Sheet. 


Enter pressure in decibars. 
Can be left blank if Depth is 
entered in the preceding field 
or if Temperature and 
Pressure are obtained from 
Reversing Thermometer 
observations submitted on 
the CODC Deck Sheet. 


If both Pressure and Depth 
are completed, enter an M or 
a C to indicate whether 
Pressure is measured or cal- 
culated from depth. It can be 
left blank if either Depth or 
Pressure is blank for the en- 
tire station. 


Temperature in degrees Cel- 
sius. Insignificant decimals 
can be left blank. 


To be left blank unless the 
preceding datum is: 1) doubt- 
ful, or 2) the mean of a 
duplicate measurement, or 3) 
measured with an MPR. 
Doubtful data can be marked 
with an X by the originator 
or a Y by CODC. Error esti- 
mates are coded A through | 
as follows: Let P be the dif- 
ference between the two 
measurements. P then is 
coded in multiples of the last 
digit allowed for on the 
coding form as follows: 


P< 1CodeA 
1<P< 2CodeB 
2<P< 5Codec 
5<P< 10CodeD 
10<P< 20CodeE 
20<P& 50 Code F 
50 <P <100 Code G 
100 <P <200 Code H 
200 <P Code | 


A temperature error 


P=0.003°C is coded as C, an 
error P=0.02°C as E, and a 
salinity error P=0.08 per mille 
as G, etc. 


Explanation 


Field 

No. Field Name Column 

27. Wire Out 34 — 37 

28. Soundspeed 38 — 42 
43 

29. Salinity 44 — 48 
49 

30. Parameter | 50 
51-54 
55 


Parameter 11 -V 56 —79 


Parameter Vi — X Second 


card 


31 Card Type 80 


If the datum is based on a 
triple measurement, P is 
taken equal to the standard 
deviation: 

3 ibe 1/ 
dah aetna 

2 i=1 

where Aj; are the measure 
ments and A the mean value 
of the observed parameter. 


MPR data can be marked with 
a “P’’ in this column. This is 
necessary only if more than 
one measurement technique 
is indicated on the Cruise 


Master. 4, 
aster \ 


Has to be completed only if 
the temperatures are sub- 
mitted on the CODC Deck 
Sheet. Wire out is entered in 
metres, no provision is made 
to enter fractions of metres. 
Do not round decimals, 
truncate them! 127.0 and 
127.9 should both be be 
entered as 127. 


Entered in metres per second. 


Enter an M or aC to indicate 
whether soundspeed is meas- 
ured or calculated at any 
level. 


Enter in parts per thousand. 
The third decimal place can 
be left blank if not observed. 


Enter doubtful mark or error 
code as explained under field 
26, column 33, above. 


Enter code number or letter 
in the first column; see Table 
6. 


Enter measured quantity in 
units specified in Table 6. 


Enter doubtful mark or error 
code as explained under field 
26, column 33, abeve 


Enter as specified for Para 
meter |. 


Enter on next line in field 30, 
as specified for Parameter | 
above. The level identifier 
(Depth, Pressure or Wire Out) 
used on the preceding line 
must be repeated; ai! other 
fields may be left blank. The 
maximum number of para 
meters that can be entered 
per station is 10. 


Preprinted. 


Table 1 


CLOUD AMOUNT (N — Code) 


Fraction of the sky covered by clouds 


Cloud Cover 


Cloudless 
1/8 or less but not zero 
2/8 
3/8 
4/8 
5/8 


Rig 3s Pata 
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Cloud Cover 


6/8 
7/8 or more but not 8/8 
8/8, sky totally covered 


Sky obscured by dense fog, heavy 
snow, etc., or amount cannot be 


estimated. 
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Table2 WIND SPEED IN KNOTS (ff — Code) 


The Beaufort force of the wind is estimated from the appearance of the sea surface according to the table 
below. This table is only intended as a guide to show roughly what may be expected on the open sea, 
remote from land. Factors which must be taken into account are the ‘lag effect between the wind 
increasing and the sea getting up; and the influence of ‘fetch’, depth, swell, heavy rain and tide effect on 
the appearance of the sea. Estimation of the wind speed by this method becomes unreliable in shallow 
water or when close inshore, owing to the tidal effect and the shelter provided by the land. 


Probable ht. of 


Speed Code ff : Appearance of Sea if the Fetch and Gent inqietrex 


In (Speed in Description Duration of the Blow Have Been 
m/sec Knots) Sufficient to Develop the Sea Fully 
Max 
0.0— 0.1 Calm SOS KG O MCFON on etn nie mel arias - 
0.2-— 18 Light Air Ripples with the appearance of scales 
are formed, but without foam crests. . 0.1 
1.9- 33 Light Breeze Small wavelets; crests have a glassy 
appearance and do not break. ..... 0.3 
3.4-— 53 Gentle Breeze | Large wavelets; crests begin to break; 
foam of glassy appearance; perhaps 
scattered white horses. ......... 0.9 
5.4- 8.4 Modt. Breeze | Small waves, becoming longer; fairly 
frequent white horses .......... 1.5 
8.5 —10.5 Fresh Breeze Moderate waves; many white horses 
are formed (chance of some spray). . . 2.5 
10.6 — 14.1 Strong Breeze | Large waves; white foam crests 
everywhere (probably some spray). . . 3.9 
14.2 -—17.2 Near Gale See heaps up and white foam from 
breaking waves begins to be blown in 
streaks along the direction of the 
CO Ie OM ak Mp ht a SY 5.7 
17.3 — 20.7 Gale Moderately high waves; edges of crests 
begin to break into the spindrift; 
foam is blown in well-marked streaks 
along the direction of the wind. .... 7.5 
20.8 — 24.4 Strong Gale High waves; dense streaks of foam 
slong wind; crests begin to topple, 
tumble and roll over; spray may effect 
ee ae Sacer aay Ne eA 9.6 
24.5 — 28,5 Storm Very high weves with long overhanging 
crests; foam in great patches blown in 
dense white streaks along wind; sea 
surface takes a white appeerance 
tumbling becomes heavy and shock- 
like; visibility affected.......... 12.3 
28.6 — 32.4 Violent Storm | Exceptionally high waves (medium 
sized ships may be lost to view behind 
waves) ; sea covered with long white 
patches of foam lying along wind; 
everywhere edges of crests are blown 
into froth; visibility affected ...... 15.6 
32.5 — Hurricane Air is filled with foam and spray; sea 
completely white with driving spray; 
visibility very seriously affected .... - 
Table3 PRESENT WEATHER (ww — Code) 
Use the highest code figure applicable except that 17 
S has preference over 20 to 49 inclusive. 
00—49 NO PRECIPITATION AT SHIP AT TIME Code Code 
OF DE PRRV ATION 10—12 MIST AND SHALLOW FOG 
00-03 CHANGE OF SKY DURING PAST HOUR 10 Mist (visibility 1100 yds. 
Code Code or more) 
» ns . ‘ 
00 Cloud development not " Shenae (99 Ui peceret Fog not deeper 
12 Shallow fog-more or 
obsarvable ; ti than 33 ft. 
01 —_ Clouds dissolving or Se Taian 
- eee pe cevece: 13—16 PHENOMENA WITHIN SIGHT 
tate of sky on the whole BUT NOT AT SHIP 
unchanged 
03 Clouds generally forming or 13 Lightning visible, no 
developing thunder heard 
14 Precipitation in sight, not 
04—09 SMOKE, HAZE, SAND OR DUST reaching surface 
04 Visibility reduced by smoke 15 Precip. beyond 3 naut. 
(not ship's smoke) miles, reaching surface 
06 Dry Haze 16 Precip. within 3 naut, 
06 Widespread dust suspended miles, reaching surface 
in air 
07 Blowing spray at ship 17-19 THUNDER, SQUALLS, FUNNEL CLOUDS 
08 Dust whirls in past hour 7 Thunder at time of obsn. — 
(not for marine use) no precip. at ship 
08 Dust or sandstorm in sight, 18 Squalls (no precip.) in past 
or at ship in past hour hour or at time of obsn. 
Fig. Bawa Data Summary coding instructions 
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Table 3 (Cont'd.) 
17-19 THUNDER, SQUALLS, 
FUNNEL CLOUDS (Cont‘d.) 


Code Code 
19 Funnel cloud(s) seen in 
past hour or at time of 
obsn. 


~ 


20—29 PHENOMENA IN PAST HOUR BUT 


NOT AT TIME OF OBSN. 
20 Drizzle (not freezing) or 
snow grains 
21 Rain (not freezing) 
22 Snow Not falling 
23 Rain and snow, or ice as showers 
pellets 
24 Freezing drizzle or 
freezing rain 
25 Shower(s) of rain 
26 Shower(s) of snow, or of 


rain and snow mixed 

27 Shower(s) of hail®*, or of 
rain and hail* mixed 

28 Fog (in past hour but not 
at time of observation) 

23 Thunderstorm, with or 
without precipitation 


“Includes hail, ice pellets, or snow pellets 


30—39 (Not likely to be used in ship reports) 


Slight or Heavy 
Moderate 
30 Duststorm or sandstorm, 33 
decreasing 
31 Duststorm or sandstorm, 34 
unchanging 
32 Duststorm or sandstorm, 35 
increasing 
36 Drifting snow, generally low 37 
38 Blowing snow, generally 39 


high 


40—49 FOG AT THE TIME OF OBSERVATION 


40 Fog at a distance but not at 
ship during past hour 
41 Fog in patches 


Sky Visibility less than 1100 yards Sky 


Visible of time of observation Invisible 
42 Fg, has become thinner in 43 
past hour 
ag Fog, no change in past hour 45 
46 Fog, has begun or thickened 47 
in past hour 
48 Fog, depositing rime 49 


50-99 PRECIPITATION AT SHIP AT TIME OF 
OBSERVATION 


50—59 DRIZZLE 


Intermittent Continuous 
50 Slight Drizzle » 51 
52 Moderate Drizzle 53 
54 Heavy Drizzle 55 
Slight Moderate 
or Heavy 
56 Freezing drizzle 57 
58 Drizzle and rain mixed 59 


Sige 830.6 


Code Code 
60-69 RAIN (NOT FALLING AS SHOWERS) 
Intermittent Continuous 
60 Slight rain 61 
62 Moderate rain 63 
64 Heavy rain 65 
Slight Moderate 

or Heavy 
66 Freezing rain 67 
68 Rain or drizzle with snow 69 


70-79 SOLID PRECIPITATION NOT FALLING AS 


SHOWERS 
Intermittent Continuous 

70 Slight snow in flakes 71 
72 Moderate snow in flakes 73 
74 Heavy snow in flakes 75 
76 Ice prisms (with or without 

fog) 
77 Snow grains (with or 

without fog) 
78 Isolated starlike snow 

crystals (with or without 

fog) 
79 Ice pellets 


80-84 RAIN SHOWERS 
80 Slight rain shower 


81 Moderate or heavy rain 
shower 

82 Violent rain shower 

83 Shower of rain and snow 
mixed, slight 

84 Shower of rain and snow 


mixed, moderate or heavy 


85—90 SOLID PRECIPITATION IN SHOWERS 


Slight Moderate 
or Heavy 
85 Shower of snow 86 
87 Shower of snow pellets or 88 
ice pellets* 


89 Shower of hail,no thunder 90 
“With or without rain and/or snow 


91-94 THUNDERSTORM DURING THE PAST 
HOUR BUT NOT AT THE TIME 
OF OBSERVATION 


Note: Use 29 if there is no precip. at observation time 


91 Slight rain 
92 Moderate or heavy 


rain Thunderstorm in 
93 Slight snow, or rain | past hour but not 
and snow mixed, or now — precip. 


hail* occurring at 
94 Moderate or heavy time of obsn. 

snow, or rain and 

snow mixed, or hail” 


*Includes hail, ice pellets or snow pellets 


95—99 THUNDERSTORM AT TIME 
OF OBSERVATION 


95 Slight or modt. thunderstorm 
with rain and/or snow, but no 


hail* 

96 Slight or modt. thunderstorm 
with hail® 

97 Heavy thunderstorm with 


rain and/or snow, no hail® 
98 Thunderstorm with dust 
or sandstorm 
$9 Heavy thunderstorm with 
hail® 


“includes hail, ice pellets or snow pellets 
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Table4 PRESSURE CORRECTION (MBARS) 


The sea level correction must be added to the barometer reading. 


Outside Air Temperature in °C. 


—20°C i -10°C o°c 10°C 

15 0.6 0.6 0.6 0.6 

20 0.8 0.8 0.8 0.7 

25 1.0 1.0 1.0 0.9 

30 Al2 1.2 1.2 1.1 

35 1.5 1.4 1.4 1.3 

2 40 1.7 1.6 1.5 1.5 
= 45 1.9 1.8 1.7 1.7 
§ 50 2.1 2.0 1.9 1.9 
a 55 2.3 2.2 Des 2.0 
3 60 2.5 2.4 | 2:3 22) 
r 65 2.7 2.6 2.5 2.4 
8 70 2.9 2.8 27 2.6 
75 3.1 3.0 2.9 2.8 
¥ 80 3.3 3.2 3.1 3.0 
© 85 3.5 3.4 3.3 3.2 
a 90 3.7 3.6 3.5 3.3 
B 95 4.0 3.8 3.7 3.5 
£ 100 4.2 4.0 3.9 3.7 
3 105 4.4 4.2 4.1 3.9 
110 4.6 4.4 4.2 41 

115 48 4.6 4.4 4.3 

120 5.0 4.8 4.6 4.5 

125 5.2 5.0 4.8 47 

eet el je Pee ee ie 


Table5 SWELL (Pw — code) 


Period in sec. 


5 5 sec. or less 11 sec. 

6 6 sec. 12 sec. 

7 7 sec. 13 sec. 

8 8 sec. 14 sec. or more 

9 9 sec. Period not determined. 
0 10 sec. 


Table6 PARAMETER CODES 


10 pl/1 or 1 wg-at/! 
0.01 pg-at/! 
0.01 yg-at/I 
0.01 pg-at/! 
0.1 yg-at/I 

0.1 yg-at/! 
0.001 pH units 
F ; 0.01 mg/! 
Dissolved organic carbon . | 0.01 mg/l 
Particulate carbon mg/m3 

Total Alkalinity 1 p-eq/I 
Carbonate Alkalinity .... | 1 y-eq/I 

0.01 yg/I 


OA7™MooaAaTWyPoOMINUBA UG a 


For example: A Total Phosphate value of 17.12 yug-et/! is entered as 


[1]7[1]2], e silicate (SiO3 — Si) value of 12 ug-at/! isl [1 [2] J , 2 pH value 
of 7.82 as (7[8]2] J. . 


“Oxygen units must correspond to thoss indicated on the Cruise Master. 


CANADIAN OCEANOGRAPHIC DATA CENTRE 


OTTAWA 
APRIL 1970 
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CODC BRIDGE LOG — CODING INSTRUCTIONS 


USING THIS FORM 


The CODC Bridge Log is used to submit information identifying Oceanographic Stations in space and time 
and giving environmental data such as Bottom Depth and Meteorological Conditions. 


COMPLEMENTARY FORMS 


The Bridge Log is identical to the Station Master portion of the CODC Data Summary, and can be used 
optionally instead of the latter to submit the Station Master information. It can be used also in conjunction 
with CODC Deck Sheets. Bridge Log forms must be submitted together with a CODC Cruise Master for 
each cruise, 


GENERAL NOTES 


1. Leading and trailing blanks are allowed in all fields except the cruise number field. Note, however, that 
the last figure before a decimal point must be entered; e.g. 0.3 must not be entered as, ‘’.3”’. 


2. Any non-observed field can be left blank; only the first seven must be completed. 
3. The location of decimal points, whenever applicable, is indicated on the form. 


4. A provision has been made to enter arbitrary station codes or any other alphanumeric information in the 
“Unassigned” field. (This information is reproduced in data listings, but cannot be used to search for a 
station in CODC’s files.) 


5. Any parameter for which a choice of units can be made (see Cruise Master), must, throughout the entire 
cruise, be entered in the units specified on the Cruise Master. 


6. Meteorological data can, if desired, be taken from the appropriate columns in the Department of 
Transport’s ‘Selected and Supplementary Ships’ Meteorological Log’, which is coded using DOT's 
“International Meteorological Code Card for Selected and Supplementary Ships’. (See also Note 5 
on the Cruise Master.) These codes have been set by the World Meteorological Organization. The codes 
accompanying the present instructions are based on DOT's coding instructions of January 1, 1968. If these 
are modified, data can be entered according to either the revised DOT Code Card or the 1968 Code Card, 
provided that the year of publication of the code card used is indicated. Optionally, data can also be 
entered in units specified on the Cruise Master. 


7. \f an entry in a certain column or field remains the same at a number of subsequent levels, it is sufficieni 
to enter it in the highest and lowest of these levels only, connected by a vertical arrow. 


SPECIFIC NOTES 


Field 
No. +, Field Name Column Explanation 
1. Country 1-2 Same as on CODC Cruise Master; always 18 for 
Canadian cruises. 
2. institute 3-4 Same as on CODC Cruise Master. 
3. Cruise Number 5-9 Same as on CODC Cruise Master. 


Fig. B.4.2 Bridge Log coding instructions. 
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Field 
No. 


4. 


10. 


1p 


12. 


13. 


Field. Name 


Consecutive Station Number 


Latitude 


Longitude . 


Date — Time 


Number of Depths Observed 


Blank 


Sounding Depth 


Unassigned 


Cloud Amount 


Wind Direction 


Wind Speed 


Column 


10 — 12 


13— 19 


20 — 27 


28 — 37 


38 — 39 


40 — 42 


4g 47 


53 


54 — 55 


56 — 57 


69 


Explanation 


Stations must be numbered consecutively throughout 
the cruise in a chronologica! order. A new consecutive 
number is required each time the station is 
reoccupied, even if no other locations are sampled in 
the intervening period. Other station code numbers 
can be entered in the ‘‘unassigned”’ field (number 11) 
if the data originator so desires. 


Latitude of the station. Enter N or S in column 13 to 
indicate north or south latitude. Position is given in 
degrees and minutes with up to two decimals. 


Longitude of the station. Enter E or W in column 20 
to indicate east or west longitude. Position is given in 
degrees and minutes with up to two decimals. 


Sampling time of the first observed level is given in 
Greenwich Mean Time (GMT). The last two digits of 
the year (e.g. 70 for 1970) are followed by month 
(coded 01 through 12), day, hour and minute. 


Enter the number of levels at which observations are 
made. 


These columns are reserved to _ insert a 
computer-calculated Marsden Square number. 


Sounding depth in units indicated on the CODC 
Cruise Master. Note location of the decimal point. 


These columns can be used to enter any alphanumeric 
information the data originator wishes to be printed 
in provisional or published Data Reports produced by 
CODC. 


Fraction of the sky covered by clouds of any type is 
coded on an octal scale where O stands for no clouds 
and 8 for acompletely clouded sky (Table 1). 


True direction from which the wind is blowing, in 
tens of degrees. Enter 00 for calm, 27 for 10°, 02 for 
20° and so on by ten degree steps right around to 36 
for a north wind. 


Windspeed can be measured in metres per second, 
Knots, feet per second or statute miles per hour or 
estimated on the Beaufort scale (Table 2). it must be 
entered as indicated on the Cruise Master. 

N.B. The DOT Meteorological Log code gives wind- 
speed in knots. 


Poy 45.3 Bridge Log coding instructions (continued). 
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SPECIFIC NOTES (Cont'd) 


Appendix B.4 


No. Field Name 


Column 


Explanation 


14. ww Code 


15. Pressure 


16. Air Temperature 


‘WAR Wet Bulb 
18. Wave Period 


Wave Height 


19. Swell Direction 


Swell Period 


Swell Height 
20. For CODC use 
ZA: Card Type 


58 — 59 
60 — 62 


63 — 65 


66 — 68 
69 — 70 


71 —72 


73 — 74 


75 — 76 


77 —78 
79 
80 


Coded according to Table 3. 


Enter the last three digits of the barometer reading, 
or of sea level pressure, in units indicated on the 
Cruise Master. For example 1026.4 mbar is coded as 
264; 987.3 mbar as 873 and 768.3 mm as 683. Sea 
level pressure can be obtained from the barometer 
reading by applying corrections for barometer height 
and outside air temperature using Table 4. 

N.B. The WMO code gives sea level pressure in mbars. 


Enter air temperature in units stated on the Cruise 
Master. Negative Celsius temperatures are coded by 
adding 50 to the absolute value of the measurement. 
Negative Fahrenheit temperatures are coded by 
placing a minus sign in the last column (65). Omit 
decimals when coding in Fahrenheit. For example: 
142°C > 14.2 
—14.2°C > 64.2 
14.2°F > 14. 
—14,2°F > 14.— 


Coding as for Air Temperature. 


Enter the estimated period of sea waves in seconds. 
When the sea is calm, or the period indeterminate, 
enter // or leave blank. 


Estimate the average height of the larger well-formed 
waves of the sea wave system in multiples of 0.5 
metres. The height is then coded in units of 
half-metres. For example, an observed wave height of 
5 metres is coded as 10. 


True direction from which the waves are coming in 
tens of degrees. Enter 00 for calm, 01 for 10°, 02 for 
20° and so on by ten degree steps right around to 36 
for a wave from due north. 


Code as Wave Period, see instructions for field 18, or 
according to Table 5 as indicated on the Cruise 
Master. 

N.B. The WMO code gives swell as Pw. 


Code as Wave Height. 
To be entered by CODC staff. 
Preprinted. 


Fig. ‘B.4.4 Bridge Log coding instructions (continued). 
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Appendix E.1l FOumat (Of:/OCEANS LV <Cards jor ‘Tape 


Five types Of records occur in the OCEANS” I1Y"output: 


Cruise Master (format type 1). This record will appear only in 
outputs from the transaction file. Cruise Master information is 
not included in the master files, and therefore cannot be 
retrieved from them. 


Station Master (format type 2). 
Observed Detail (format type 3). 
Observed Detail Continuation (also format type 3). 


Derived Parameters (format type 4). A sample output card for 
record types 2,3 and 4 is shown in Fig. El. 


The format types 1,2 and 3 are’ identical to the input 
formats of OCEANS IV described in Appendices Bl and B3. Values 
in a number of fields, however, may differ, since all data are 
converted to the OCEANS IV file units. The parameters concerned, 
and their file units, are shown in Table El. “All other parameters 
are given in the units specified on the data submission forms. 


Minor differences also occur in the following fields of 
the Observed Detail record: 


a) Temperature, soundspeed and salinity fields are filled with 
99999 7F not observed, 


b) If more than five chemical parameters have been observed at 
a level, continuation records are used. These can be 
recognized by blanks in the temperature, salinity and 
soundspeed fields. Otherwise the format is identical to that 
of the Observed Detail record. 


Cj)) tf card type Sis used for interpolated data,» they letters 
"INTR" appear in columns 34-37. 


In the Station Master one difference occurs: for non- . 
observed soundings (columns 43-47), blanks are replaced by zero's. 


The Derived Parameters record (type 4) contains the 
same information as the printed data records described in 
Appendix D3. The columns used for each record are shown in 
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Fig. El. Note that the sign for potential temperature is given as 
an overpunch over its last digit, whereas the sign for temperature 
in record type 3 is given in the first column of its field. The 


latter is, strictly speaking, not an overpunch, since temperature 
never goes below -9.00°C. 


The data can be in cruise, time or geographical sequence. 
In the latter case the COTED squares system is used to sequence 
the data (see Appendix F). 


Data on magnetic tape are in card image, record length 
80, blocking factor 1, BCD, not labelled, seven track, 556 b.p.i. 
unless otherwise indicated. Any alternative option standard to 
IBM system 360 is available on request. 


Overpunches are not used on card types 1,2, and 3. 
Card type 4 may contain an overpunch in column 27 to indicate 
a negative value for potential temperature. 
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Table El 


FILE UNITS FOR PARAMETERS THAT HAVE A CHOICE OF UNITS 
THAT CAN BE USED FOR SUBMISSION OF THE DATA 


Parameter Unit Display Remarks 
sounding depth m XXXX.X 

depth of sample m XXXX.X 

oxygen m1l/1 XX .XX 

wind speed m/sec XX Wind force estimates are 


converted to m/sec as 
shown in table E2. 


air pressure mbar XX.X The first one or two digits 
are dropped, e.g. 1026.4 
mbar is shown as 264 and 
957.3 mMbareas 8735 £8 ‘the 
high order digit shown is 
<5, pressure is assumed to 
be over 1000 mbar, if it is 
> 5, pressure is assumed to 
be between 950 and 1000 mbar. 
Pressures are not corrected 
for barometer height or 
outside air temperature unless 
this has been done hy the 
data originator. 


air and wet bulb oe Rs Xx Negative temperatures are 
temperature coded by adding 50°C to the 
absolute value of the 
measurement. 
swell period sec XX P., codes have been converted 


as shown in Table E3. 
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Table E2 


CONVERSION OF BEAUFORT ESTIMATE TO WINDSPEED IN M/SEC 


Beaufort Windspeed in m/sec 
0 00 
1 01 
2 02 
8 04 
4 07 
5 09 
6 i2 
7 Na) 
8 19 
g 22 

10 26 

vad 30 

12 34 
Table E3 
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CONVERSION OF ae CODE (WMO3155) TO PERIOD IN SECONDS (PP) 
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Appendix E.2 Format. of ‘OGEANS (bir Cards of ape 


Only @a.orLleft summary Gf the OCuANs [im record formate 
will be given here, “Since*Lt isnot) an eseentiabeoucput of the 
OCEANS IV system. Further details can, be obtained by writing 
to the Canadian Oceanographic Data Centre. 


The old, OCEANS JIT system has: four, basrc| record types: 
Cruise Master (type 0) 
Station Master (type 1) 
Observed Detail (type 3) 
Standard )(type 6)% 


A sample lay-out of the latter three records is-shown in Fig. E2. 
The Cruise Master record will, unless specifically requested, not 
be included in the data punched on cards or written on magnetic 
tape. 


No continuation records are used in OCEANS III. 
Interpolated data are written in a separate "Standard" format 
(type 6). A summary of units uSed and overpunches is given in 
Tables) B4 ES and? Be. 


Data on’ magnetic’ tape “are in, card “image, record length 
80, blocking factorwl, BCD, notielabelted (sever track and 
256 b.p.i. unless otherwise indicated... -Any alternative option 
standard to IBM system 360 is available on request. 
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Table E4 


OCEANS “£II “STATION” MASTER..RECORD) (TYPE (1) 


Column 


42 


Contents 


Country and 
Institute 


Latitude 
degrees 


minutes 
1/10 minute 


Longitude 
degrees 


minutes 
1/10 minute 


Marsden Square 


Date-time 


Sounding depth 


Max. sample 
depth 


No. of depths 
Water 


Waves I 
direction 


period 


Remarks 


See Tables 4 and 5 of Appendix D3. 


An overpunch (11 zone) in column 
5 indicates south latitudes. 


An overpunch (ll-zone) in column 
10 indicates east longitudes. 


Last two digits of the year, 
followed by month, day, hour 
and. /l0 Nour in GMT. 


In metres. 


Blank 


Blank 


Same aS wind direction except that 
the value is increased by 50 for 
wave heights in excess of 4.5m 
(code 9). Indeterminate or non- 
observed is coded 49 (or 99 for 
waves in excess of 4.5m). 

One. digai Py icode, see Tablewki.” 
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Table, BA (cont'd) 
Field 
No. Column Contents 
43 height 
a hea 44-47 Waves II 
44-45 adurection 
46 period 
47 height 
yp 48-49 Wind Direction 
LS SOs SL Wind Speed 
14 52-54 Barometer 
15 a) as | Air Temp. 
16 58-60 Wet Bulb 
b7 61-62 WW Code 
18 63-64 Cloud 
63 cloud type 
64 cloud amount 
19 65 Visibility 
20 66-67 Hours after HW 
Oth 68-73 Unassigned 
EMSS 74-76 Cruise Ref. No. 
23 77-79 Consec Station 
No. 
24 80 Card Code 


Wages 


Remarks 


Wave height is coded in multiples 
of 0.5m, e.g. a wave height of 
3m is coded 6. If the wave 
height code exceeds 9, 50 is 
added to wave direction and the 
high order digit of the wave 
height code is dropped. 


Coded as columns 40-41, but 
giving true swell direction. 
Same as column 42. 
Same as column 43. 


Direction from which the wind is 
coming in tens of degrees. A 
calm is coded as 00. 


Ungves of m/sec, 


In mbars; if air pressure < 1000 
mbar, an overpunch (ll-zone) is 
imserted in column S2. 


In °C; negative 
indicated by an 
zone) in column 


temperatures are 
overpunch (1l- 
5 oy 


values are 
overpunch (1l1- 
53. 


in. "Cs negative 
indicated by an 
zone) in column 
See Table 2 in Appendix D3. 
Blank. 

See Table 3, Appendix D3. 
Blank. 

Blank. 

May contain miscellaneous 


alphanumeric information inserted 
by the data originator. 


G@araq code 1a 1. 
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Field 


10 
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Table E5 


OCEANS III OBSERVED’ DETAIL RECORD (TYPE 3) 


30-42 
38-41 
42 


43-46 
43-45 


46 


47-50 


51-54 


Domi, 


36-60 


Contents 


Station Data 


Time 

Depth 

Errox’ of Depth 
Temperature 


value 


error code 


Salinity 
value 
error code 


Oxygen 
value 


error code 
Sigma-T 


Sound Velocity 


PO4-P 


Total-P 


Remarks 


Same as on Station Master record 
columns 1-24. 


In hours and tenths of hours. 
In metres 


Blank. 


In 0.01°C, negative temperatures 
are indicated by an 1ll-zone in 
coilumm 32). 

See Table 6, Appendix D3. If 
numerical, it is a third decimal 
of temperature. Measurements 
with an STD are indicated by a P. 


In ppm. 

See Table 6, Appendix D3. May 
also contain a P for measurements 
obtained with an STD or similar 
instrument. 


In O0s0DomP/1; thechigh ordér 
digit for oxygen values between 
10.00 and 19.99 ml/l is dropped 
and oxygen values 2 10 ml/1 are 
implied by an 1ll-zone in column 
43. 

See Table 6, Appendix D3. 


In 107° gu/gu. 


In 0.1 m/sec; the high order "1" 
is dropped. 


In hundredths of yug-at/l 


In hundredths of ug-at/l 
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Tape ES s(cont “d) 


Field 

No. Columns Contents Remarks 

ee 61-63 NO2-N In hundredths of ug-at/l 

x Re 64-66 NO3-N In tenths of ug-at/l 

ue 67-69 SIO3-S1 in, tenths of ug-at/ 1 

14 70-72 pH In hundredths 

i Nee pee Blank 

16 74-79 Station Data Same as on Station Master Record. 


V7] 80 Code Code 3. 
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Table E6 


OCEANS III INTERPOLATED RECORD (TYPE 6) 


This record is constructed in the same way as the 
Observed Detail record previously described, up to and including 
field number ‘8 (Sound Velocity). The remainder of the card is 
set up as follows, using OCEANS IV interpolated data: 


Field 
No. Columns Contents Remarks 
hes b-54 Same as on Observed Detail Card. 
9 55-58 Dynamic Height In dynamic metres with three 
Anomaly decimals. 
10 59-@GS Potential . 
Energy Anomaly In units of 106 ergs/cm2 
NUDE 64-67 Specific Volume In units of 1076 miLsgn, 
h2 o38= 73 - Blanks 


74-79 Same as on Station Master Record. 


80 Code 6. 


APPENDIX F 


THE COTED SQUARES SYSTEM FOR SEQUENCING DATA 
IN GEOGRAPHICAL ORDER ON MAGNETIC TAPE. 
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APPENDI X.Y 


The COTED Squares System for Sequencing 
Data in Geographical Order 
on Magnetic Tape* 


iInsavrecent review ofsthe ‘oceanographic, station data 
file of the Canadian Oceanographic Data Centre, we considered 
several methods of sequencing the data, in some geographical 
order, on magnetic tape. The traditional Marsden square system, 
being too cumberseme-due.to.uts irregularity, was rejected. A 
new system was designed, numbering the ten-degree squares 
consecutively in a two-dimensional grid. This system, called 
the ‘Consecutive Ten ;bDegqree, or'COTED, squares. system, | greatly 
simplifies the logic of the data retrieval programs used to 
extract data on a) geographical basis from our files, thereby 
reducing both complexity and running times for these programs. 


Both the Marsden and COTED square systems divide the 
globe into 648 ten-degree squares and subdivides each of these 
into 100 one-degree squares, and a five or six digit key 
uniquely defines each one-degree square. In the Marsden system 
the ten-degree squares are numbered increasing from 1 to 288 
ana 1reom: GUA EOoVouso north, and from.3007;to S87 south of ithe 
equator (Fig. Fol). the one-deqree squares from.0 to 99 
increasing away from an origin at the equator and the Greenwich 
Mevidvanotr rg. Beaehee 2 the COTED system, *rour-rnstead ‘orf 
three digits are used to number the ten-degree squares. The 
first two increase from 00 to 17 northwards from the south pole, 
the second two increase from 00 to 35 westward from the 


Greenwich meridian (Fig. F.1, bold numbers). The one-degree 
Squares are numbered from 00 to 99 with the lowest number always 
ing tne soutneast- corner (Fig. F.3). “The major advantage’ or 


this is that the relative geographical position of two one- 
degree squares is immediately obvious from their COTED numbers. 


It may be noted here that the apparently simpler 
solution of numbering the ten-degree squares from -9 to +8 in 
a north-south direction, and from -18 to +17 in an east-west 
direction, leads to problems in sorting the data sequentially on 
the computer. The COTED square key numbers cause the data to be 
sortea 2n G continuous “strip” spiralling from, pole, to pole. 
A combination of positive and negative key numbers, on the other 
hand, may lead to a different sequence of the sorted data, unless 
the available software has special features. 


*This appendix will also be published, under—a—different—title, 
as—a—letter tothe editor in "Limnology and, Oceanography". 
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The COTED square key NN WW D,, D,, for any station of 
known latitude (Lat.) and longitude (Long.) can easily be 
calculated, as outlined in Table F.1. For the Marsden square 
key MMMB,B., a similar table can be constructed. The number of 
program Stéps is approximately 10 in both cases. 


Table "F lL 


Decision: tablevto ‘calculate the COVED square 
number of ia ‘station. (All variables: are 
integers; NN and WW are obtained by truncation. 


iS latitude: norta 
is longitude west 


~ | aw 
Era 
pz at 


be tack. 2 

90 -(Lat.7 

Long. 

360 =-{Long.-4 
X/10 
coe ND a LU 
0/10 

= Y - WW x 10 

COTED square = NNWWDyDy 


x xX 
x 


MPS MM OS PS 
OS mM OS OS OOS 


A major advantage of the COTED system is the simplicity 
of the numerical relation between the keys of one and ten- 
degree squares,..situated along,an._E-W or N-S line. "*As'a ‘result, 
the presence,,of..a station .within,an arbitrary rectangular area 
can be established by only two range tests. This can best be 
explained by an example: Given a "rectangular". area between 
the; latitudesy 22S, angulloNvand, longatudes., 28°W and 35°W, “and 
a station in the one-degree square NINlwWlwlD,y1lpDwl, determine 
whether it falls within the defined area. This can be solved in 
two. isteps- 


(1) Calculate the COTED square numbers of the four one-degree 
Squares in the corners: 080288, 080384, 100208, 100304. 

(2) Test whether NINIDy! and wlwtp,1 fall within the two ranges 
08s8<Ninipyt<ioo ana 
028<Wlwlp,l<034. 

To answer the same question for a unit area Mimimip,tp.1 in the 


Marsden square system, a much more elaborate system of tests 
is required. 
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A second advantage is that only one discontinuity line 
occurs, the Greenwich Meridian, instead of five at O0°W, 180°W,80°S 
O°N and 80°N. This also simplifies the writing of retrieval 
routines and saves computing time. Furthermore, the COTED 
system extends down to the south pole, and thus can also be 
used to store data obtained over the Antarctic land mass. 


Lp Our, New, OCeanographic Station, Data File, OCEANS IV, 
the data are therefore sequenced in ascending order of the COTED 
key. This leaves the grouping of the data in basic units of 
one-degree squares unmodified, but the sequence of the one- 
degree squares is different from that determined by the Marsden 


Square keys (except in the northwestern quadrant of the globe, 
south of 80°N). 
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Fig. F.l1 Key to the Marsden and COTED ten-degree square numbers. 
The COTED square numbers are in bold print. 
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OW Or O° 


90° 0° 0° 180° 


# 90° 
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oa 
oa 213 | 212 | 277 | 210 | 209 | 208 | 207 | 206 | 205 | 204 sal S00 199 
' 132 1432 | 1431 | 1430 | 1429 | 1428 | 1427 | 1426 | 1425/) 1424 | 1423 | 1428 Fa >| 419 | 1418 
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Fig. F.1 (cont'd) Key to the Marsden and COTED ten-degree square 
numbers. 
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Fig. F.2 Key to the numbering of one-degree squares in the 
Marsden system. 
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1.0). INTRODUCTION 


Three sets of computer routines are described in 
this manuscript. 


A) A FORTRAN IV program package for fitting a single valued 
surface z(x,y) through arbitrarily placed data points and 
displaying a perspective (3-D) view of the surface ona 
plotter. 


B) A set of FORTRAN IV subroutines (with an optional driver 
program) for fitting a single valued surface z(x,y) through 
arbitrarily placed data points and displaying contours of 
the surface on a plotter. 


C) FORTRAN IV subroutines for fitting a surface by means of 
arbitrarily chosen functions of x and y using the stepwise 
regression technique. For display purposes these routines 
may be linked to the 3-D and contouring packages. 


The surface fitting and contouring routines were 
initially developed at the request of Dr. T.S. Murty of the 
Division of Oceanographic Research. 


We wish to thank Miss Tish Millington for preparing 
thas; report tor publication. 


The surface interpolation technique used in sections A) 
and B) is an extension of a method described in notes left by 
Mr. I. Crain who worked for the Computer Science Center, Energy, 
Mines and Resources Department in the summer of 1968. 


We would like to thank Mr. P. Hibbert, also of the 
Computer Science Center, for his comments and suggestions 
concerning surface interpolation. 
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2) = SECTION A 


PROGRAM G10638 
SaD PICTURES 
NOVEMBER, 1969 


2.1 GENERAL DESCRIPTION 


This program plots a perspective picture of a single valued 
surface Z(X,VY) defined over a rectangular grid in ~ andy. 

The data may be given as a set of points XP(K), YP (RK); 
ZP(K)., K=l..N arbitrarily placed over the cveqion or the grid 
(and to be interpolated onto the grid), or as already gridded 
OWE Rerely 

The surface may be smoothed, the data points may be marked 
and labeled,,. contours may be drawn on the surface, and portions 
of the grid may be blanked out as desired. 

The routines are written in simplified FORTRAN IV language 
and have been run on the CDC3100, IBM360 and SRU1108 computers. 
The changes needed to go from one computer to another are rather 
slight. The complete set of routines just fit into the CDC3100 
which has 16,000 24 bit memory locations. The (CALCOMP plotting 
routines PLOT, SYMBOL and NUMBER, and one magnetic tape to 
receive the plotter commands, are required. 


2.2 ROUTINES REQUIRED 


By MACENT PNE eo. one eee Program G10638 reads data and calls the 
routines needed to generate the picture 

2) -ZGRTD GSS ois s Siac Sea eo ye Performs two dimensional interpolation 
onto grid 2 

3) SMOOTH oa. es oan see OMOO CNS Tie surtoce:. 

Be crimpe 111) Roe to draw the surface Z and the 

6), (BDI NES nea pee eee ae 0 Ne ee ae 

7). CONSDs rss users oe eee Draws contours on the surface Z 

8) : DATASDs itis ames ee oe Marks and labels data points on 
surface Z 

9) ¢* CAPE SER pe ee cee aah tate Determines if a point on the surface is 
visible 

PO) SNSAIDE ea seer seeie tenes Determines if a given point (X,Y) is 
inside or outside the so called 
blanking polygon 

1): (2PLOT Pe eee renee kite Plots the projection of a line 

12)3 22200. eee Rett hee A Calculates the projection of any point 
(X,Y, 2) 

PS)" “ZENE icreusls tae cee ee »-AUxXi Liary routine to CON3D 

14) BEOUTNY serait .-Plots an ordinary, heavy or dotted 
line. (dotted lines are used for 
contours) 


1S) PLOT,SYMBOL,NUMBER..The CALCOMP plotting routines 

16) Routines SUBDIV and FOURPT are not part of the package but 
may easily be inserted by the user and have been found very 
useful for subdividing the grid to make a smoother flowing 
surface. | 


wa 


aco DATA 


In a computer run any number of .pictures can be made. Each 
picqluremrequimes is, types. of data. i (bypes..0 to. 6).. ) Datatypes, 1 
to 6 control. various sections of the program (grid construction, 


contouring, etc.). Type 0 merely controls the reading of types 
IreOr'G:. 


Data Type 0 


Onelcara.7tcontaimamg, KD; KD2..5 KD65) «FMT (6.1)... If KDI ais 
Greate vebanvomsequatl to il, data type .. will be read in. If 
KDI=0 data type I should be omitted and data from the previous 
picture will be used. 

Pom-exanp le , at. .kD1-—0 for picture .2 then the -title card for 
this picture should be omitted and the title will be the same as 
Gh pyourpreture 5] .of the,run., 

KD1=KD2...KD6=0 denotes the end of the job. 


Data Type l 


One card. containing any title,-of.80 characters sr Less for 
the7picture... The stitle us -.2 inches, high.and..5 inches below 
the bottom of the picture. (This can easily be changed by 
modifying the call to SYMBOL near the end of the MAINLINE). 


Data Type 2 


One card containing information on construction of the grid 
surtaces4,;-asriolLlows:.«. 
NX, NY ,X3b,YL,XL,YL,CAY,;NRNG,NSM PMPUOTS pod. 0 2 ico) 


Y=YL J=NY 


J=2 
Y=Y1l J=1 
= 

ee eat eae X=XL 

---NX,NY are the numbers of grid points along the X and Y 
directions. See illustration above. 

---X1,Y1,XL,YL are the coordinates of the lower left and upper 
right) corners of the grid... (Distance here is,measured in 
what may be called data units; any unit convenient to the 
user. All other length-type inputs are in the same units, 


except MIPL,YLPL,XLPL,YLPL which are in inches.) 


6 


---CAY determines the type of interpolation used to fill in the 
grid’ Z from-an arbitrarily placed set of data points. 

If CAY=0.0, Laplacian. interpolation is .used.. The .resuiting 
surface tends to have rather sharp peaks or dips at the data 
points (somewhat like a trampoline with poles pushed up into it). 
There is no chance of spurious peaks appearing in regions devoid 
of data. 

As CAY is increased, Spline interpolation predominates over 
the Laplacian, and the surface passes more smoothly through the 
data points. Here the surface is somewhat like a lattice of 
flexible beams constrained to pass through the data points. The 
possibility of spurious peaks and steep extrapolations in areas 
lacking data increases with CAY. By adjusting CAY properly, a 
trade-off between smoothness and avoidance of spurious peaks can 
be obtained, CAY=5.0 or.10.0, often gives, asgood_ surface. 

A relaxation procedure is used to perform the interpolation 
onto the grid. Each data point is shifted to the nearest grid 
intersection before the procedure is begun. An average ZP value- 
is used if two or more data points are nearest the same grid 
intersection. (A version of the interpolation routine ZGRID 
which leaves the data in place is available. However, it is not 
used here in order that compatibility with the data marking 
routine might be maintained.) 

If CAY=-1.0 the interpolation is bypassed (as well as the 
smoothing, blanking and data marking routines). In this case 
the user is expected to supply coding to read or generate the 
G¥iG. surgace Z(t, J). 

---NRNG...Any grid points more than NRNG grid spaces from the 
nearest data point are set to undefined. NRNG has somewhat the 
same effect as the blanking polygon (data type 6). NRNG = 5 or 
10 is usually good for blanking ill-determined regions of the 
grid and improving the convergence of the grid interpolation. 
---NSM is the number of Laplacian smoothings to be applied to the 
grid Z after the interpolation is done. This is useful for 
removing sharp peaks, or noise, from the surface, while leaving 
large scale trends undisturbed. 


Data Type 3 


There are two possibilities here... 

1) If CAY is greater than or equal to 0.0, the data points 
XP(K).,YP(K) , 2P (KK), K=lsas..N are fead.one pointiper card 
according to format statement 304 of the MAINLINE. End of 
the set is indicated by XP(N+1)=10**35. 

The points XP,YP,ZP are the set from which the surface is 
interpolated. Any point not falling over the surface of the 
grid is ignored. 

2) Tf CAY=-1 0 *thesucers 14 expected to have inserted ete 
between statements 309 and 399 in the MAINLINE to generate 
the surface’ grid’ 2(1,J).: Areas of tne qr1c co Deters. 
should be set to 10**35.°~Control’ passes to statement’ 209, ony 
if KD3 is greater than 0. If the user’ code calls for data to 
be read, this data must be placed in the type 3 spot. 

For example, the user might read from cards the entire grid 
ZA) pL Leo 6 NX po Sie 


Data Type 4 


Two Cards are needed here giving information on the 

position of the picture and the labeling of data points 

Co ae te eo eee ir tai, ROP, YUP, LABPT PMT ( 4F705 07,15) 

CoLave.s + coro by 4AG, KR; THETA,” PAT PMIMSr 0. 0) 

e=—APi, YIPL, xLPL, YLPL are the lower left and upper’ right 

Corfiers of ‘the rectangular space on the plotter in which the 
picture is to be drawn, in inches. Usually the picture cannot 
touch all four sides of the allotted rectangle and is 
justified to the lower left as illustrated below. 

YLPL uPA 


MOLE Li 


X1PL XLPL X1PL XLPL 

--=<LABPT 2 0. Mark and labél data points using LABPT figures 

after the decimal. 
=-1. Omit decimal point. 
=—-2"" Omit labels. “(Mark data’ points; only). 
= 32 --Omrt data points-aitogether. 

Note...All data points are marked at their closest grid points. 

---ZBASE. All pictures are drawn on a boxlike base. ZBASE is 
the height (Z value) of this base. Blanked portions of the 
grid are drawn in at level ZBASE. It is usually a good idea 
to set ZBASE less (greater) than the lowest (highest) point 
of the surface to get a nice looking picture. 

---ZMAG. The Z values of the surface are magnified by a factor 
ZMAG about ZBASE. ZMAG may be positive or negative. 

---R is the distance of the point of view from the center of 
the object consisting of the surface and its base. The 
Center as taken. to. be? (AV(xXt, XL)». AV(Y1> YL) , ZBASE)'. 

-~--THETA is the longitude of the point of view in degrees. THETA 
is zero along the positive X axis and increases counter clock 
wise. 

---PHI is the latitude of the point of view in degrees. It varies 


from -90 to +90. See following LA SSBEE thors 
A 
AY; Point of View 


Center of Grid ies 


R cos 6 


Data Type 5 


The set.of .contour, levels. “ZLEV (Bh) k= b.. “ NUBYV, One “ver 
card, FMT, (P10.0) -2 The -see"is ended by a Card Containing 
ZLEV (NLEV+1L) = 10**35. If no contours are desired use this 
ending card only. There is no provision for the labeling 
of Contours. 


Data Type 6 


A set of cards defining in sequence the vertices XB(K), 
YB(K), K=l...NB, of the’ Blanking polygon;"one’ point per card 
FMT (2F10.0). The set is ended by a card in which XB(NB+1)= 
10**35. If no*blanking stdestred Uiserurs Vastcara only. 

All grid points yexterior to. the polygon are-Get.to 
undefined (10**35), as shown in the diagram. Blanking is 
useful for cutting out areas of the grid containing no data, 
where spurious extrapolations and peaks can occur. 


pa EO 
YB(4 


XB (3) 


XB (4) 
ALL GRID POINTS 
OUTSIDE STHIs 
POLYGON ARE SET 
TO UNDEFINED 


\ 

\ 
\ — 
XB (1),/YB(1) 


AAD input. cata 15. printed Out as 10 1s read In. Any gata 
points not falling over the area of the grid are noted on the 
printer. Entry to each of the major routines is noted. 

A> record is kept’ of “each? iteration any the "relaxation 
procedure used to interpolate from the data points onto the 
grid Z. The relaxation factor W, an estimate of the largest 
root of the iteration matrix, and the maximum change in Z over 
all grid points relative to the range of Z are printed at each 
iteration. The process is continued until the estimated error 
in Z is less than 1 percent of the Z range or until 100 iterations 
are done. 


*XH(2), YB(2) 


2.4 PRINTER OUTPUT 


2.5 “PHOTTER, OUTPUT 


Five sample pictures are included to illustrate the features 
of the program. The data needed to produce these pictures are 
listed preceding the pictures. The coding used to generate the 
grid for Picture 5 is, listed as’ well. 


Pictune Wh, (RIGS A-1) 


Here luaplacian ianterpolation (CAY=0.) is uséd and the 
Surface 45 seen, CO peak sharply at many of the data points. 
The data points here are both marked and labeled. Note that 
each data point has been moved to the nearest grid intersection. 
(Of course the arrays XP,YP,ZP are left untouched.) 


Picture 2; (FIG, A-2) 


Same as Picture 1 only the surface has been smoothed, 
reducing the sharp peaks, the data points have been left 
off -here. 


Picture 3 (FIG. A-3) 


Here Spline interpolation predominates (CAY=10.) and the 
surface is much smoother, and more satisfactory. 


Picture 4 (FIG. A-4) 


Same as Picture 3 except that contours have been included 
and a corner of the grid containing no data has been blanked 
out. Data points are marked only. 


Pretuneics Gg, dFIEWA+5) 


Here CAY=-1. and user code has been inserted between 
statements 309 and 399 in the MAINLINE to generate a simple 
function Z(X,Y) over the grid. One quadrant has been blanked 
Out byte trene wal) polo Lensiy a with 21) =1O*% 35 . 


Note 


Each new picture starts a new block on the plotter tape 
and is shifted 3 inches from the right edge of the previous 
picture. 


2.6 CAUTIONS 


1) In routine ZLEVEL, entry ZCORN, note that the arguments 
must be included when using the 360 or 1108 and must be 
omitted with the 3100. (See, Cols «/3....80-0f “the Card): 


2) Vif treaginag the ei tle “of the picture ‘(data type 1 in the 
MAINLINE) 4 characters are stored per word on the 3100 or 
360° and 6° per word on the 1108. ‘This means avchange’* of 
four cards ‘when “changing from the 3100:0r 360 to'the 1108. 
(See “Cols '73.4.80°of the cards in question). 


3)...In the call. to PLOTS near the start of the MAINLINE, -two 
arguments are needed when using the standard CALCOMP | 
plotting routines. Three are needed when using the 
MODULAR MOORE PDP-8 routines. The third argument is the 
Logical unit number of the plotter tape.” We have used 
he cal Re 
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4) The dimensions of the array Z must be at least (NX,NY). 
The dimensions of the first subscript of Z must be identical 
in the MAINLINE, Z2GRID, SMOOTH, XLINES,, YLINES ,- BLINES, 
CON3D, DATA3D, VISIBL (and SUBDIV if used). 2Z must be in 
common storage in the MAINLINE and VISIBL. 
The array INTZ should be dimensioned the same as Z in the 
MAINLINE and VISIBL, and should be equivalenced to Z. 
(In the 3100 version, INTZ requires three subscripts, the 
first being a 2, and the other two being the same as in Z. 
The coding involving INTZ in the 3100 version also reflects 
this difference). INTZ overlays Z and allows the 
visibility code of each grid point to be stored in the low 
order obit on 22. 


5) The arrays XP,YP,ZP must be dimensioned large enough in the 
MAINLINE to hold all the data points plus one. 


6) The array ZLEV must be dimensioned large enough in the 
MAINLINE to hold all contour levels plus one. 


7) The arrays XB,YB must be dimensioned large enough in the 
MAINLINE to hold all vertices of the blanking polygon 
plus one. 


8) The array IMNEW in routine ZGRID should be dimensioned at 
least as large as NY. It is now set at 110 which should be 
big enough in most cases. 


9) The format 304.in the MAINLINE must correspond to the 
format in which the data points have been punched. 


10) The hidden line procedure presently used in this program 
does not cover the case where one end of a line is 
visible from above the surface, the other end from below 
and part of the interior is hidden. This can cause no 
trouble if the surface is viewed from above (PHI is 
greater than or equal to 0) and all points of surface Z are 


greater than ZBASE. However in other cases, if care is not 
taken in selecting the view, some hidden lines might show 
through. 


2.7 MODIFICATIONS 


An effort was made to write the MAINLINE in a fairly 
straight forward way, in order that modifications could be 
made without too much trouble. 

Aside from the setting up of routine PROJ (to fit the 
picture into the allotted plotter space), all the MAINLINE 
does is read in the data and call, one after the other, the 
routines needed to generate the picture. Listed below are 
several modifications which can be made fairly easily. 


1) If all data is ready gridded and no contours are required, 
quite a bit of computer memory can be released by removing 


La 


the routines ZGRID, SMOOTH, CON3D, DATA3D and ZLEVEL, and 
the appropriate calls in the MAINLINE. 


2)ieeeocingsior they labedingof-axes.could bexinserted (say 
after statement 1320 of the MAINLINE). 

To draw a label parallel to the projection of a given 
axis, two calls to PROJ and one to ATAN2 would be needed to 
get thespositionpand) anglesof«the dabelias Then a calleto 
SYMBOL or NUMBER could be used to plot the label. (See the 
comment cards in PROJ for the use of this routine). 


S3USeEXtra Fines cam be added”to the picture’ as’ desired by calls 
to PLOTP, which draws projected lines. (See comment cards 
in routine PLOTP). 


4) Stereo pictures can be produced by making two pictures of 
the same surface with longitude THETA differing by 2 or 
3 degrees. 

The two pictures can be done in red and blue ink 
superimposed, then viewed through colored glasses, or can be 
plotted separately and brought together by straining the 
eyes. 

To produce a stereo pair remove the C from Col.1 of the 
card marked STEREO in the MAINLINE. 


5) Sometimes the data is given in gridded form, but on a very 
coarse grid. In this case the surface can be rather 
sparse and spiky looking. To get a smoother and fuller 
looking surface the routine SUBDIV can be used to subdivide © 
the grid any number of times in both directions using third 
degree polynomial interpolation. (The auxiliary routine 
FOURPT is also required). 


2.8 DATA SUMMARY SHEET 


Data Formats 


Oy RDI, kD, hD3,KD4, KD5,KD6 FMT (611) 

Teint. ete 0) FMT (20A4) 

2) NAG NS, hy a, YL, CAY »NRNG, NSM PME (215, 5F10.0,255) 

3) XP,YP,2P One set/card Last XP=10**35 EMT NO. S04, sor 
if CAY=-1.0 insert coding between 309 and 399 
to generate Z(1...NX,1...NY). 

4) X1PL,Y1PL,XLPL,YLPL,LABPT FMT. (4F10, 0,15) 

4B) ZBASE,ZMAG,R,THETA,PHI FMT (5F10. 0) 
5) ZLEV One per card Last ZLEV=10**35 FMT (F10.0) 
6) XB,YB One set/card Last XB=10**35 FMT (2F10.0) 


Data Description 


0 Use previous set of data (All zeros = EOd). 


KDI. <.KD6 = 
> ee 8 Read in new data. 
cr = Title of plot (80 or less characters)... 
NX , NY = No. of grid points in X and Y directions. 


Lower Jeft and upper right corners of grid in 


data units. ; 
CAY = 0. Laplace interpolation used to get grid Z. 


a Te ee ae GF 


i 
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>a On As CAY is increased Spline interpolation 
predominates. 
= -l. When interpolation not needed. 
NRNG All grid points more than NRNG grid spaces from 
the closest data point are set to undefined 
(L0%435) 
NSM = Number of Laplacian smoothings to apply to Z. 
XP,YP,ZP = The set of N data points (in data units). 
Z = Array of height values (Undefined Z=10**35). 


X1LPL;¥LPL, XEPL Von 

= Lower left and upper right corners of space on 
plotter for, theapicture. to fite<eante, (inches). 
Base level of the figure being plotted. 
Magnification of Z to be used. 
Point of vision relative to center of picture. 


ZBASE 
ZMAG 
R, THETA, PHT 


tl 


R = Radius in data units. 
THETA = Longitude (Degrees) (Zero along X axis). 
PHI = Latitude (Degrees). 
LABPT > 0% Number of: digits after decimal*on data 
point labels. 
= -l Omit decimal in data point labels. 
= -2 Omit labels on data points. 
= -3 Omit data points altogether. 
ZLEV = Array of contour levels to be drawn. There are 
NLEV levels. 
XB,YB = A series of NB points defining the vertices of 
a closed polygon. Grid points outside the 
polygon are blanked (set to 10**35). (In data 


units). 


~ 125400 

HIBBERTS DATA K=C NSM=0 
16 lo 110. 120. 

148. 125. 140, 

122, jg 145. 

Le! 145. ise. 

158. 149, 146. 

115. 155. 155. 

135, 157s 173. 

155. 165. 156. 

185. Lo&- 145, 

165. 17uU. 157% 

135. 172. 154, 

hie. 181. 145, 

i753, 18. 170. 

153, 135. 143. 

149. ldo. 140. 

182. 195. 145, 

1.0000E+35 

0.0 0.0 eee 

130, 1.6 1000. 

120400 

HIGBERTS DATA K=0 NSM=e2 
lo 16 110. 120. 

0.0 Ue 125 

130, 1.U 1000. 

120400 

HIBBERTS DATA K=1U NSM=0 
16 lo liu. 120. 

0.0 0.U Te5 

130, 1.0 1000. 

100456 

HIBBERTS DATA K=10 NSM=0 

0.0 0.U 725 

130, 1.U 1000. 

140, 

145. 

15uU. 

155. 

160, 

165. 

17U. 

1.U000E+35 

‘Biber Liss 

158. £id« 

158. 145. 

167. 145. 

26T. 162. 

19u, loc. 

190, 200. 

105, 2UU. 


1.00004+35 


2.9 DATA USED TO PRODUCE PICTURES 1 TO 5 


185. 


Tow 
-45. 


185. 
725 
-45. 


165. 
705 
“4S. 


BLANKING 
roa 
-45. 


Le 6 9.0 20 


195. 10. 20 


INCLUDED 


~2 
45 


(FIGURES A-1l TO A-5) 
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125456 
ZxoX**2—Y%¥*2 ONE QUAD BLANKED : 
21 el Oe 0. 20-6 20. “1, 
Oe Ue Se Se 
-100. ol T5s @ Di 55-6 


50. 
1.-0000E+35 
1.0000E+35 
000000 


2.10 CODING INSERTED IN MAINLINE TO GENERATE 
GRID OF PICTURE 5 (FIGURE A-5) 


09 CONT TINUE 


5 
C 
C USER CODE POR GRID “2_GENERATION GOES SHERE “ACTIVE “CAV = =10 
C AND KDS GT 0 ) 
C 
C 


LaKXkK2-Y HO 

00° 350 Telyet 

DO 350: YVzleecl 

Pde OG ee) Fae I te hc 

IF (1-11) 340+3405330 
ooU IF (J-11)350+°340+340 
340 ZATe J) =( 1-11) * (1-11) -(J-11) * (J-11) 
350 CONTINUE 


399 CONTINUE 


Roe Wale me O le aly Keel 


eve. . 


Figure A-1 
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gebeie) mim bormee ci neler as oi 


es 
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HIBBERTS DATA K=10 NoM= 


Figure A-3 
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3.0 SECTION B 


PROGRAM G10649 
CONTOURING ROUTINES 
APRIL 1970 
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3.1 GENERAL DESCRIPTION 


This is a set of subroutines for surface interpolation 
and contour plotting. 

Arbitrarily placed data points XP(K),YP(K),ZP(K) ,K=1...N 
may be interpolated onto a rectangular grid 2(1I,J) using two 
dimensional Laplace or Spline interpolation or a combination 
of the two. The surface may then be smoothed. Portions of the 
grid surface may be blanked out (set to undefined) as desired. 

Contours of the surface Z(I,J) may be plotted. The grid 
may be subdivided to produce smooth flowing contour lines. The 
contours may be labeled. Three line types are available for 
contours. Data points may be marked and labeled. 

The routines are written in a simplified FORTRAN IV 
language and have been run on the CDC3100,SRU1108 and IBM360 
computers. The changes needed to go from one computer to 
another are minor. The complete set of routines takes about 
12000 words of storage if the array dimensions are kept ata 
minimum. The CALCOMP plotting routines PLOT,SYMBOL and NUMBER 
and one magnetic tape to receive the plotter commands are 
required. 


3.2 THE DRIVER PROGRAM 


A driver program has been written which reads data 
supplied by the user and calls the various routines needed to 
produce a contour plot. We will describe the routines in terms 
of the driver program, as the data variables for the driver 
correspond quite closely to the arguments of the various routines. 
(However, it might be mentioned here that the routines are often 
more convenient to use by means of individual calls from user 
written programs. The calls to particular routines will be 
described briefly in a later section.) 


3.3 ROUTINES REQUIRED WHEN USING DRIVER 
lL) MAINLINE. jewels (Program G10649) This is the driver. It 


reads the data and calls the routines needed 
to generate the contour plot. 


2) .2GRID «6s eae Performs two dimensional interpolation from 
data points XP,YP,ZP onto grid Z(I,J). 

3) SMOOTH ...43 5 2 -».-Smooths the surface Z. 

4) ST NEIDE 2. oh ee Determines if a given point is inside or 
outside the so called blanking polygon. 

5). GETGRY «45 5 he eee Given a contour interval, it produces an 
array of levels. } 

6) “CONSHG iy sweet ee Calls DOUBLE and CONTUR to subdivide the 
grid and contour the surface Z in segments. 

TP} PBOUBLE. . sakesaerent Subdivides the grid by a factor of 2 using 
cubic polynomials. 

By POOR TU Rw -¢ eemeteugcace Calculates contours as strings of (X,Y) 

points and plots them. 
OAT APT iden ecttere Marks and labels the data points. 
01) Spe ol ea re pe ee Will create a series of smooth flowing arcs 


from a series of straight line segments. 
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DE ee IO TNs wise s ---Plots an ordinary, heavy or dotted line 
segment. 
12) PLOT, SYMBOL 
and NUMBER...The CALCOMP plotting routines. 


3.4 DATA NEEDED BY DRIVER 


In a computer run any number of contour plots can be made. 
Each plot requires 7 types of data ‘(types 0 to 6). Data types 
1 to 6 Control various sections of the program (interpolation, 
blanking, contouring, etc.). Type 0 merely controls the reading 
GOlveypes 2b 0,0. 


DATA TYPE 0 


One card containing KD1,KD2...KD6 Pir toll). ~ Le KD) va 
greater than or equal to 1, data type I will be read in. If 
KDI=0 data type I should be omitted and data from the previous 
plot will be used. 

For example, if KD1=0 for plot 2, then the title card for 
this plot should be omitted and the title will be the same as 
Lhe OF Dio. OF. tne sun. 

KD1=KD2=...KD6=0 denotes the end of the job. 


DATA TYPE 1 


One card containing any title of 80 characters or less for 
the plot. The title is 0.28 inches high and 0.5 inches below 
the bottom of the plot. (This can easily be changed by 
modifying the call to SYMBOL near the end of the driver). 


DATA TYPE 2 


One card containing information on construction of the grid 
Z, as follows...NX,NY,X1,Y1,XL,YL,CAY,NRNG, NSM PMEK2 ESy, Sreo.20 | 
215 )i THE GRID OVER WHICH 
THE SURFACE Z IS 


CONSTRUCTED 


X=X1 XL 


--NX,NY...Number of grid points along the X and Y directions. 
--X1,Y1,XL,YL...Co-ordinates of the lower left and upper right 
corners of the grid. (Distance here is measured in what may 
be called data units, any unit convenient to the user.) 
See illustration above. 
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--CAY...Determines the type of interpolation used to fill in the 


grid Z(I,J) from an arbitrarily placed set of data points. 


If CAY=0.0, Laplacian interpolation is used. The resulting 


surface tends to have rather sharp peaks and dips at the data 
points (somewhat like a trampoline with poles pushed up into 
it). There is no chance of spurious peaks appearing in regions 
devoid of data. 


As CAY is increased, Spline interpolation predominates over 


the Laplacian, and the surface passes more smoothly through 
the data points. Here the surface is somewhat like a lattice 
of flexible beams constrained to pass through the data points. 
The possibility of spurious peaks and steep extrapolations in 
areas lacking data increases with CAY. By adjusting CAY 
properly, a trade-off between smoothness and avoidance of bad 
peaks can be obtained. 


An over-relaxation process is used to perform the interpol- 


ation. The data points are initially moved to the nearest grid 
points, and then shifted back to their proper positions as the- 
Shape of the surface becomes evident. A value of CAY=5. often 
gives a good surface. To get a good rate of convergence of the 
relaxation process, it is wise to make the grid not much finer 
than is needed to resolve most of the data points into separate 
grid squares. 


If CAY=-1.0 the interpolation is bypassed (as well as the 


smoothing, blanking and data posting routines). In this case 
the user is expected to supply coding to read or generate the 
grid surface Z(I,J). 


--NRNG...Any grid points more than NRNG grid spaces from the 


nearest data point are set to undefined. NRNG has somewhat 
the same effect as the blanking polygon (data type 6). 

NRNG=5 or 10 is usually good for blanking ill-determined 
regions of the grid and improving the convergence of the grid 
interpolation. 


--NSM...The number of Laplacian smoothings to be applied to the 


grid Z after the interpolation is done. This is useful for 
removing sharp peaks, or noise, from the surface while leaving 
large scale trends undisturbed. 


DATA TYPE 3 


There are two possibilities here... 


1) 


2) 


If CAY is greater than or equal to 0.0, the data points 
XP (K),YP(K),ZP(K),K=1...N are read one point per card 
according to format statement 304 of the driver. End of the 
set is indicated by XP(N+1)=10**35. 

The points XP,YP,ZP are the set from which the surface 
is interpolated. Any point not falling over the grid is 
ignored. XP,YP and ZP are in data units. 

If CAY= ih 0 the user is expected to have inserted hain 
between statements 309 and 399 of the driver to generate the 
surface grid Z(I,J). Areas of the grid to be left blank 
should be set to 10**35. Control passes to statement 309 
only if KD3 is greater than 0. If the user code calls for 
data to be read, this data must be placed in the type 3 spot. 
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(For example, the user might read from cards the entire 
griaretii) 7 t= 198 TR = Le UNV) 


DATA TYPE 4 


One card is needed here giving information on the position 
of the plot on the plotter, the labeling and subdivision of the 
grid as follows... 
X1PL,Y1PL,XLPL,YLPL,HGTPT,HGTC,LABPT,NDIV,NARC FMT (6F10.0,315) 
--X1PL,Y1PL,XLPL,YLPL = Lower left and upper right corners of 

plot in inches. 


--HGTPT Height of labels on data points in inches. 
raes ita Tt. Height of labels on contours in inches. 
--LABPT 0 - Number digits after decimal on data point labels. 


-1 - Omit decimal in data point labels. 

-2 - Omit labels on data points. 

-3 - Omit data points altogether. 

--NDIV = 1,2 or 4. The grid is subdivided NDIV times in both 
directions using cubic polynomials to produce finer looking 
contour lines. NDIV=l1 has no effect. 

--NARC = 1,2,3...10. This replaces each straight line segment 
of a contour by an arc of a smooth flowing curve. NARC is the 
number of subsegments in each arc. Care must be taken here as 
over-lapping of contours is a possibility. NARC=1l has no 
effect. 


DATA TYPE 5 


iow wiv dou 


This gives the contour levels to be used. There are two 
possibilities here... 

a) A set of cards containing ZLEV(K) ,LABC(K) ,LWGT(K), 
K=1...NLEV one group per card. FMT(F10.4,215). Column 25 
must be blank. The set is ended by a card containing 
ZLEV (NLEV+1) = 10**35. If no contours are desired use this 
last card only. 


--ZLEV(K) = Level of the Kth contour. 

--LABC(K) > 0O - Number digits after decimal on contour label. 
= -l1 - Omit decimal on contour label. 
= -3 - Omit label on contour. 

--LWGT(K) < 1 - Draw contour with ordinary line. 


2 - Use heavy line. 

3 - Use dotted line. 

2) One card only containing DLEV,LABC,LWGT and the 
identifier INDC=1 in column 25. FMT(F10.4,315) 
--DLEV = the contour spacing. 

--LABC and LWGT are as above. 


DATA TYPE 6 


A set of cards defining in sequence the vertices XB(K), 
YB(K), K=l1...NB of the blanking polygon, one point per card, 
FMT(2F10.0). The set is ended by a card containing XB(NBt1)= 
10**35. If no blanking is desired use this last card only. XB 
and YB are in data potnes. 


Ma nits 
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All grid points exterior to the polygon are set to undefined 
(10**35), as shown in the diagram. Blanking is useful for 
cutting out areas of the grid containing no data, where spurious 
peaks and extrapolations may occur. 


: | ) THE GRID POINTS 
; : “ OUTSIDE THIS 
a as eect 


TO UNDEFINED 
—! | 
Meee aaa 
— | 
| xB (1) ,YBi(1) 


3.5, PRINTER OUTPUT USING THE DRIVER 


All input data is printed out as it is read in. Entry to 
each of the major routines is noted. 

A record is kept of each iteration in the relaxation process 
used to generate the grid Z(I,J). The relaxation factor W, an 
estimate of the largest root of the iteration matrix, and the 
maximum change in Z over all grid points relative to the range 
of Z, are printed at each iteration. The relaxation is continued 
until the estimated maximum error in Z is less than 1 percent of 
the range of Z, or until 100 iterations are done. 


3.6 INDIVIDUAL USE OF THE ROUTINES 


As mentioned earlier it is sometimes convenient to use the 
routines through individual calls from a user program. Some 
calls which may be useful are described below. Most arguments 
have been defined previously. Any new arguments are defined as 
they appear. 


1) Interpolation of data onto a rectangular grid 


The only routine needed here is ZGRID and the call is... 
CALL ZGRID(Z,NX,NY,X1,Y1,DX,DY,XP,YP,Z2P,N,CAY,NRNG) 
where DX=(XL-X1) / (NX-1) 

DY= (YL-Y1) / (NY-1) 
On input the undefined areas of Z(I,J) should be set to 
10**35. All other points of Z should be 0.0. On output the 
0.Q values will be replaced by Z values interpolated from 
data points XP,YP,ZP. 


2) Smoothing of gridded data 


The routine needed is SMOOTH and the call is... 
CALL SMOOTH (Z,NX,NY,NSM) 
The larger NSM the greater the smoothing. Any points of 
Z(I,J) set to 10**35 on input will be left untouched. All 
other Z points will be smoothed on output from the routine. 


3) 


4) 


5) 


6) 


re 
1) 


2) 


3) 
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Blanking of portions of the grid 


Routine INSIDE is needed here. For each point of the 
grid the following call should be made... 
CALL INSIDE (XI,YJ,XB,YB,NB, IND) 
where XI=X1+ (I-1) *Dx 
YJ=Y1+ (J-1) *DY 
IND, should be 999 on input to the first Gall only.. On 
output IND=1 if (XI,YJ) is inside the blanking polygon 
and 0 if outside. For best efficiency do a series of 
YJ for each fixed value XI. 


Contouring 


Routines CONSEG,DOUBLE,CONTUR,ARC and PLOTNY are needed. 
(As well as PLOT,SYMBOL and NUMBER). The call is... 
CALL CONSEG (Z,NX,NY,X1PL,Y1PL,XLPL,YLPL, ZLEV, LABC,LWGT,NLEV, 
HGTC,NDIV,NARC). 
the opening call to PLOTS and the closing call to PLOT must 
be made by the user. Also the user must draw the border 
around the plot if desired. No contours will be drawn in 
regions of the grid where 2Z(I,J)=10**35. 


Getting an array of levels, given the contour interval 


The routine needed is GETLEV and the call is... 
CALL GETLEV (Z,NX,NY,DLEV, ZLEV,NLEV) 
The output here is the array ZLEV(K), K=1...NLEV of contour 
levels. Before calling CONSEG the user must set up the 
arrays LABC(K) and LWGT(K) K=1...NLEV. GETLEV ignores any Z 
values which are set to 10**35. 


Posting the data points 


Routine DATAPT is required (as well as PLOT, SYMBOL and 
NUMBER). The call is... 
CALL DATAPT (NX,NY,X1,Y1,DX,DY,X1PL,Y1PL,DXPL,DYPL,XP,YP,2ZP,N, 
LABPT ,HGTPT) 
where DXPL=(XLPL-X1PL) / (NX-1) 

DYPL= (YLPL-Y1PL) / (NY-1) 
The opening call to PLOTS and the closing call to PLOT must 
be made by the user. Also the user must draw the boundary 
around the plot if desired. 


CAUTIONS 


In reading the title of the plot (data type 1) 4 
characters are stored per word on the 3100 or 360 and 6 per 


word on the 1108. This means a change of four cards in the 
driver when changing from the 3100 and 360 to the 1108. (See 
cols 73...80 of the cards in question.) 


In the call to PLOTS near the start of the driver, two 
arguments are needed when using the standard CALCOMP plotting 
routines. Three are needed when using the MODULAR MOORE 
PDP-8 routines. The third argument is the logical unit 
number of the plotter tape. We have used 13. 

The dimensions of the array Z in the driver must be at 
least NX,NY. The dimensions of the first subscript of Z must 
be identical in the driver,ZGRID,SMOOTH,GETLEV and CONSEG. 
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Se 


1) 


2) 


3) 


5) 


Arrays XP,YP,2ZP must be dimensioned large enough in the 
driver to hold all the data points plus one. Arrays ZPIJ and 
KNXT in ZGRID must also be this large. 

Arrays ZLEV,LABC,LWGT must be dimensioned large enough 
in the driver to hold all contour levels plus one. 

The arrays XB,YB must be dimensioned large enough in the 
driver to hold all vertices of the blanking polygon plus one. 
Format 304 in the driver must correspond to the format 

in which the data points have been punched. 


SOME POSSIBLE MODIFICATIONS 


The arrays KNXT,ZPIJ and IMNEW of ZGRID, the array ZZ of 
CONSEG, and arrays X and Y of CONTUR are internal and may be 
put into some common/work/region to be re-used if storage is 
short: 

The fractional distance to travel along a contour before 
labeling it and the distance between labels on a contour are 
given in SLABIF and DSLAB defined near the start of routine 
CONTUR. They are presently set at 0.4 and 100 inches 
respectively, but may be changed as desired. (Since a 
plot is done in segments which are labeled independently 
there is usually no need to put more than one label on 
each contour segment .-) 

As mentioned above, a plot is done in segments. The 
Size of a segment in grid square units is LSEG by LSEG where 

LSEG=(12Z-1) /NDIV-2 

IZZ=Dimension of array ZZ(1I,J) in CONSEG. (Presently 

BAA ok 
IZZ may be changed as desired but the dimensions of ZZ in 
routine CONSEG and the corresponding array Z in routine 
CONTUR should be changed accordingly. Also array IND10 of 
routine CONTUR should have dimensions of I2Z by 122/10 
rounded up. 

It is sometimes desirable to use heavy lettering for 
contour labels. This may be done by inserting two more 
calls to NUMBER after the call at Statement 860 in routine 
CONTUR. In the second call XLAB should be replaced by 
XLAB-.02 and in the third call XLAB should be replaced by 
xXLAB-.01 and YLAB by YLAB=. 02; 

In routine ZGRID, upon moving the data points back 
from the grid points to their proper positions during the 
iteration process, we found that very steep slopes could 
be generated within a grid square if two data points were 
close in XP and YP but differed by quite a bit in ZP. 

To control this we set a limit DERZM upon the slope of 
the surface within a grid square. We have set 

DERZM = 4* (ZMAX-ZMIN) /MIN(XL-X1,YL-Y1). DERZM may be 
changed to suit the user. DERZM=0.0 causes all data 
points to be permanently shifted to their nearest grid 
points. 
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3.9 SAMPLE PLOTS TO ILLUSTRATE THE ROUTINES 


Pictures 1 to 4 are small plots illustrating some of 
the features of the routines. The first 3 were done using the 
driver. The data needed to generate these plots is listed 
just before the pictures. Picture 4 was done with a user 
written MAINLINE. 


PICTURE 1 (riG, 8-6) 


This is a‘contour plot of a surface through 15 data 
points. We have used CAY=0.0 here. 


PICTURE 2 (PiG. .B-7) 
This is similar to Picture 1. Here CAY=10. and a 
corner containing no data has been blanked out. The surface 


is seen to be smoother and more satisfactory than that for 
CAY=0. 


PICTURE 3 (PIG. Bes) 


This is a simple surface (with one quadrant blanked) 
generated by setting CAY=-1.0 and inserting the proper coding 
between statements 309 and 399 of the driver. The coding 
reguired is shown following the data listing. 


PICTURE 4 (EtG. B-¥7 


The data here consisted of a 60 by 24 array Z(I,J) 
of levels in Lake Ontario. Points outside the lake were set 
to 10**35. A call to GETLEV was used to get the contour levels. 
CONSEG was then called to plot the contours. Then the points 
Z(I,J) interior to the lake were set to 100., points on the 
lake boundary were set to 0.0, and the Z=1.0 contour was plotted 
in a heavy line by another call to CONSEG. This produced the 
boundary of the lake. 


Note: 


When the driver program is used, each new plot starts 
a new block on the plotter tape and is shifted 3 inches from 
the right edge of the previous picture. 
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3.10 DATA USED TO GENERATE PICTURES 1, 2, AND 3 (FIGURES B-6, 
B-7, AND B-8) _ 


i 


123456 

HIBBGERTS DATA K=U0 NSM=O0 
lo lo SEROUS 

L4&. MAS 

Weare igo) he 

143. Pa Sis 

158. 149, 

115. TSS. 

Oe Tyee 

LSD% loo. 

ME Sle lob. 

lod. 170. 

P3556 Vie. 

Lies SVL 

NiPSiG lice 

Pos. 8S 

149, VSG 

NE & 1935 

1,.0U00UF +455 

Great) Ue 

7) = U 

1.,.0UU0UF +55 

120U56 

HI6BBERKTS DATA Kz=luU IISM=0 
lo lo 110. 

140, -1 2 

ey Ea -1 

150. =o 

155. ad | 2 

lov. =] 

VEO. = | 

No FAB a= 2 

1,0UU0E+35 

LUIS. es 

Po. Tio. 

LOB. 143. 

eines O55 

lo7. lode 

190. ioe. 

190. ZU. 

Are cOU. 

1.QUQ0UE+55 

125450 

LIXKKC KY KES 
el 2h Uie 

Ue We 

ZO. il 3 


1,000UE+35 


UUOU0U 


L20%. 
140. 
145.6 
hoz. 
LYoe 
tS Dre 
LS 
156. 
145. 
157. 
15%. 
145. 
eran 
143. 
140. 
145. 


t9 


120. 


185. 


De 
56 


oO? 


195. 


0.0 10 uv 
4 Loe oa 
10.0 10 0 
-l. 

014 =] 2 


3.11 CODING INSERTED IN DRIVER TO GENERATE GRID OF PICTURE 3 
(FIGURE B-8) 


509 


C 
¢ 
U 
C 


CONTINUE 


USER CODE FOR GRID Z GENERATION GOES HERE 


KD3=3 ) 
Z=X#*O- 1 ¥ KO 
DO 350 Il=1rel 
DO 350 J=1lre2l 
Z(IeJ)=1-6-F 35 


IF (1-11) 340 34uU% 330 
IF (J-11) 5507 340» 340 


Z( Te J) = (1-11) * (1-11) -( 0-11) *(J-11) 


CONTINUE 


CONTINUE 


CACTIVE IF CAY=eh. 


AND 


1 


DA DeEReS BDAbR wrOoNat=0 


Figure B-6 


MIB BER TS" Rl Pet its Oo NS Piao 


Figure B-7 
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XKKZ-YRKZ 


aes 


Figure B-8 
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4.0 SECTION C 


PROGRAM TO FIT A SURFACE BY 

STEPWISE MULTIPLE REGRESSION ANALYSIS 
(LEAST SQUARES METHOD) 

MAY, 1970 
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4.1 GENERAL DESCRIPTION 


Given a set Of ssatarpotntes {(XPi, YP, ZR) 7 1415. .,.NP tre 
program will calculate the least squares coefficients 
(Ao,SB1,.+.%SBm) of the. linear combination of suitable functions, 
Z(X%,y) =AO+SBIfTI (x,y) +... tS Bmem(x,y) which giwe a best fit to 
the ZPi- data:vaiuess. Theafunctions £1(x,y) #=15..3;m are 
defined by the user. 


The Regression Analysis is performed by a subroutine RESTEM 
which is resident in the statistical library on the UNIVAC 
1108 computer. 


It should be noted that only those functions fi(x,y) which 
contribute significantly to the fit are used. Those which 
do not are discarded by the Analysis. 


The program is set up such that the user provides two short 
FORTRAN routines. 
4.2 1 FORTRAN MAINLINE: 

Purpose: to dimension arrays; to read data and limits; 
to call the subroutines which perform the analysis. 


There are two calls to subroutines. 
(1) Call SURFCE(XP,YP,22,VAR,SB,AG>M,NPVLIMIT, EFIN, 
EFOUT,IW,X,A,NP1). 


This call is manditory. It performs the Regression Analysis 
and returns the least squares coefficients. 


Name Description Type 

XP 3,1 dimensional floating point 

YP arrays of NP input array input 

ZP data points 

VAR 1 dimensional array floating point 
of functions fi(x,y) evaluated array output 
at (x,y). VAR has M elements. 

SB 1 dimensional array of M least floating point 
squares coefficients. Those array output 


which the analysis decides do 
not contribute significantly 
to the fit are set to. zero, 


AO constant least squares ficating point 
coefficient variable output 

M number of user defined functions integer variable 
Sele Coca input 

NP number of data points integer variable 


input 


Name Description Type 
LIMIT number of times regression is integer variable 
called. (Should be one more input 


than number on functions !f£il(x,y)). 


EFIN P-value at whiehe ag function, Tloaking point 
fans y)jaws: entered into, the variable input 
regression. 

EFOUT E=vailuelati which a function, Floating-point 
fal(x,;y), is removed from the variable input 


regression. 


IW If IW=l1, NP weights are applied integer variable 
to the NP datapoints. (The input 
weights are read in by subroutine 
SURFCE. There are 9 values per 
card under 9F8.0. Weight cards 
are placed immediately after 
Lhe data Caras containing the 
(SESE mooeca Ones. 
If IW=0 no weights need be 


provided. 

X 2 dimensional array. User need floating point 
not know the purpose of this array 
arrnry. He must dimension it. 


It is dimensioned as a NP by 
M+l array. 


A 2 dimensional array. User need Fleaeing Anpur 
not know the purpose of this array 
array. He must dimension it. 


It is dimensioned as a M+l by 
Mai array. 


NP1 Number of functions f1(x,y) integer variable 
Dilger 6. OME1.. Inout 


Subroutine SURFCE initially prints out the correlation 
coefficients. At each stage of the analysis SURFCE also 
prints: function entering or leaving analysis; F-level 

of that function; standard error of Z; value of AO constant 
coefficient; list of values of least squares coefficients 
used at that point in the analysis. 


At the end of the analysis a list of the input ZP values 
compared to a list of predicted Z(XP,YP) values using the 
least squares coefficients is printed. 


(12) Call VARS (X,Y ,VAR) 
Thigecatt 16 optional. Having called SURFPCE to perform the 
analysis using the input data (XP,YP,2ZP) and having obtained 
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the least squares coefficients (A0,SB1,SB2....SBm), the user 
may now wish to calculate the value Z for other (x,y) values. 
This can be done using the least squares coefficients and the 
functrons 2 (aw 


Name Description Type 

x X and Y values for evaluation of floating point 
£3 Cs variables input 

VAR array Gh ULinct sons: efitieg,..2 floating point 
evaluated at (x,y). VAR has M array output 
elements. 


The user could evaluate Z by 
Z = A0O+SB(1)*VAR(1)+...+SB(m) *VAR(M) 


4.3 2 SUBROUTINE VARS (X,¥%,VAR)! 


Purpose: to define the user provided functions fi(x,y). 


Each function fi(x,y) is evaluated at the given point (X,Y) 
and becomes one element of the array VAR. VAR can be 
dimensioned 2 as it is dimensioned in the calling routine. 


4.4 THE FOLLOWING PAGES CONTAIN AN EXAMPLE OF THE USE OF THIS 
PROGRAM 

FORTRAN MAINLINE: 

NP = 96 

M= 9 

EFIN=EFOUT=2 

Iw = 0 

LIMIT = 10 


DIMENSION X4P (96) ,pYP(9G) Ze (96), vAR( ZU) goo 2h) GAL sO pL) patios.) 
LR=1 

READ (LR,3)M,NP,EFIN,EFOUT,IW,LIMIT 

BORMAN C213 po eset eelelay dl 3) 

READ(LR, Lj (xP CD) YP Co )epor (0) wel Ne) 

FORMAT (3F9.0) 

NP 1=M+1 

CALL SURFCE (XP,YP,ZP,VAR,SB,AO,M,NP,LIMIT,EFIN,EFOUT,IW,X,A,NP1) 
STOP 

END 


SUBROUTINE VARS: 


In this example a 3rd degree polynomial is used to fit to. 


SUBROUTINE VARS (X,Y,VAR) 
DIMENSION VAR(2) 


VAR (1) =X 
VAR (2) =Y 
VAR(3) =X*Y 
VAR (4) =X*X 


VAR(5) =Y*Y 
VAR (6) =X*Y*Y 
VAR (7) =X*¥X*Y 
VAR (8) =X**3 
VAR (9) =Y**3 
RETURN 

END 
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INPUT DATA 


XP 


A300 
- 800 
a 
- 400 
~300 
200 
- 900 
500 
900 
- 800 
.000 
000 
-000 
- 400 
- 100 
LOG 
foo 
900 
- 700 
200 
-900 
.000 
000 
«200 
-600 
-600 
-600 
s850 
- 300 
-500 
~500 
-600 


ZP 


1014.000 
1014.000 
1014 .000 
1014.000 
1014.000 
1014.000 
1014 .000 
1014 .000 
1014.000 
1014.000 
1016.000 
1016.000 
1016.000 
1016.000 
1016.000 
1016.000 
1016.000 
1016.000 
1016.000 
1016000 
1016.000 
1016.000 
1016.000 
1016.000 
1016.000 
1016'.000 
1018.000 


1018.000 . 


1018 .000 
1018.000 
1018.000 
1018.000 


XP 


20.500 
hy Ry Ne 
22.600 
Delage 0 
Les? G0 
17.800 
18.400 
18.600 
aeLoe 
.000 
3.000 
6.000 
8.200 
8.300 
8.000 
8.500 
9.600 
10.000 
8.600 
7. 700 
9.700 
13.000 
15.600 
15.600 
1.000 
1.600 
1.800 
2.000 
2.400 
2.500 
2 {FOO 
6.000 


pay 


2.000 
5.000 
8.000 
Lt .000 
14.000 
LI.0U0 
20.000 
234000 
26.000 
1.900 
~ #00 

- 200 
2.000 
5.000 
8.000 
11.000 
14.000 
17.000 
20.000 
226008 
25.000 
22.800 
24.000 
27.000 
7.000 
10.000 
13.000 
16.000 
19 .000 
22.000 
25.000 
28.000 


ZP 


1014.000 
1014.000 
1014.000 
1014.000 
1014.000 
1014.000 
1014.000 
1014.000 
1014.000 
1016.000 
1016.000 
1016.000 
1016.000 
£016.000 
1016.000 
1016.000 
1016.000 
1016.000 
1016.000 
1016.000 
1016.000 
1016.000 
1016.000 
1016.000 
1018.000 
1018.000 
1018.000 
1018.000 
1018.000 
1018.000 
1018.000 
1018.000 


ey 


beooo 
4.000 
7.000 
10.000 
13.000 
16.000 
19.000 
22.000 
25.000 
28.000 
1.009 
Sooo 
1.089 
4.000 
72006 
10.000 
LS. OOO 
16.000 
17 2000 
225000 
25.000 
23.200 
23.100 
26.000 
7.300 
9.000 
12.000 
15.000 
18.000 
24,2000 
24.000 
27.000 


1014 
1014 
1014 
1014 
1014 
1014 
1014 
1014 
1014 
1014 


EOL G. 
1016. 
TOTG.. 
LO16 
LO EG. 
1016. 
LOLG. 
LOG). 


1016 


LOG 
LOG. 
1016. 
LOPGs 
LOTG. 


10.08 
1018 
1018 


LOS: 
LOT 


1018 
1018 
1018 


ZP 


-000 
-000 
-000 
-000 
00.0 
-000 
-000 
-000 
-000 
-000 
000 
000 
000 
000 
000 
000 
000 
000 
.000 
000 
000 
000 
000 
000 
.000 
.000 
-000 
000 
000 
-000 
-000 
.000 
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Output: 

List of the least square coefficients AO, SB(1),...,SB(M). 
Notice that not all the terms of the 3rd degree polynomial are 
used. 


AO = 1015.24760 
Variable Coefficient Of Error of Coefficient 

SB(1) = p pes Gis -.09991 WOLAZ37 

ove -35049 04532 

> PEC) aL SL VJO252 

p cam Gat) -.01978 - 00360 

X46) - 00033 -00009 
SB(M) = X (9) -00039 -00009 


Output: 


coefficients AO, 


OMoOsIND UB WN FEF 


Actual 


1014 .0000 
1014.0000 
1014 .0000 
1014.0000 
1014.0000 
1014.0000 
1014 .0000 
1014.0000 
1014.0000 
1014.0000 
1014 .0000 
1014 .0000 
1014.0000 
1014 .0000 
1014.0000 
1014.0000 
1014.0000 
1014.0000 
1014.0000 
1014.0000 
1014.0000 
1014 .0000 
1014 .0000 
1014.0000 
1014 .0000 
1014.0000 
1014 .0000 
1014.0000 
1014 .0000 
1016.0000 
1016.0000 
1016.0000 
1016.0000 
1016.0000 
1016.0000 
1016.0000 
1016.0000 
1016.0000 
1016 .0000 


Sail), «ee, 005 4M) 


Predicted 


1014.1300 
1014.1907 
1014.21.37 
1014.1910 
Pola ae1 29 
LOLA. O238 
1) i526 962 
HOLS. 7836 
1013.6947 
PUIG 656 3 
LOLS 46575 
PU13. 7455 
1ULS. 8650 
1014 .0183 
1014.0959 
2044 21615 
1014 .2154 
1014.1883 
1014.1499 
1014.1022 
1014.0475 
1014.0596 
3 8 ol ie a I 
PH14..1763 
POA 2157 
1014 .2629 
1014.3445 
1OT4 25305 
1014) .7326 
1016.7554 
1016.4645 
LUL6. 2633 
1016.0666 
TOTS .9024 
L001. 7/284 
DD Ort © 
1ILLS 3.543 
DUA, Oo 9 
fC. too4 


List of ZP input data values compared to a list of 
Z(XP,YP) predicted values, calculated using the least squares 
and the 3rd degree polynomial. 


Deviation 


- 1300 
mi igs TANG 
ae a eS | 
weld) 
et 30 
-0238 
Seu SO 
-2164 
. 3053 
- 3436 
- 3425 
<poao 
mpl na 
pra to | 
mer de ke, 
aint a ow Wes 
ee oo 
boos 
ey Ge Ee 
aris eae 
mp ge 
i 2'O 
cot ARS) 
He Sie oe} 
Seg Leh 
2029 
~ 3445 
O30 
ae eae 
St Oe 
-.4645 
Se OLo. 3 
= 0606 
Uy 
21 LG 
- 3880 
- 4657 
ee holes: 
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Actual 


1016 


LOTG, 
LOLG.. 
-0000 
L016. 
Ion. 
AG. 5 
ree Rome 
EU LO. 
»0O0R- 
-0000 
LLG. 
Le, Be 
LD. Gs 
LA Gis 
LOLG. 
L016. 


1016 


1016 
1016 


1016 
LOLG6 


1016 
1016 
1016 


1016 


1016 


1018 
1018 
1018 
1018 
1018 
1018 
1018 


1018 
1018 
1018 
POLS 
0G 
1018 
LOLS 
1018 


-0000 


0000 
0000 


0000 
0000 
0000 
0000 
0000 


0000 
0000 
0000 
0000 
0000 
0000 
0000 


-0000 
L016. 
HO 1G. 
-0000 
-0000 
-0000 
LOLG. 
1016. 
-0000 
O16. 
1016. 
LOLG, 
ESR R ey 


0000 
0000 


0000 
0000 


0000 
0000 
0000 
0000 


-0000 
LOLS. 
LO LG. 
Lois. 
-0000 
-0000 
-0000 
-0000 
-0000 
-0000 
-0000 
1018. 
-0000 
-0000 
-0000 
-0000 


0000 
0000 
0000 


0000 


0000 


-0000 
-0000 
-0000 
LOE. 


0000 


Predicted 


POLS « 
1016 
LOT 6 
LOG. 
Lk © 
IY 1D 
OL G 
Hea 
1016 
O65 
LULO., 
LUO. 
LOLD.. 
18 Dis 
LOLS, 
1016 
A016. 
LO 
L016. 
1016 
LU. SD. 
LOLS. 
LOLG 
Lod 6. 
LOab. 
LO Dis 
LiL Ss 
BOR ES) 
Ne EN Ge 
1014 
re GW Rce 
TOI 
LOL 
Bi 8 ce 
A 80 ee fo 
DL 
Ji Las 
LD) « 
0 a FP 
Le! 
dULad 's 
La 
AO 7's 
IOL7. 
Da By oe 
10T}. 
Ors 
LOA hs 
LOL] « 
LOLT. 
oP aN bre 
LOL? 


8908 


~0243 


1490 
2703 
3574 
4099 
4277 
4308 


22805 


27d. 
2038 
L202 
0457 
9884 
0046 


x0FD3 


1798 
3675 
4978 


~6432 


7348 
7760 
7023 
4721 
0762 
7429 
4740 


Py 9 Fb 


0304 


.7838 


0914 


<hobe 


4668 
6933 
S159 
6000 
6002 
6679 
Fade 
Sl21 
Sask 
8429 
8552 
8618 
8535 
7976 
7893 
8088 
SLLS 
8471 
8942 
9554 


Deviation 


fLUI2 
~0243 
- 1490 
werd 
macho A) 
- 4100 
24277 
~-4308 
«2005 
eee Ta 
rr Te 
a ee 
-0457 
eWL16 
-0046 
~0753 
»b JOB 
me ty ge 
-4978 
-6432 
- 7348 
pao 
~ A023 
~4722 
~0762 
wie iL 
-5260 
pe oR 
“ppb 
die ALG 2 
-9086 
~ 7481 
RS 958 
pee 5 4 
LL B4) 
- 4000 
Ghee | 
ue ok 
~ 2428 
Pam «OF pe 
- 1669 
Dol 5 
- 1448 
ane 
~ 1465 - 
~2024 
Se ay 
Pan es Be 
- L865 
Loess 
50S 
-0446 


Actual 


1018.0000 
1018.0000 
1018.0000 
1018.0000 
1018.0000 


Predicted 


1018 10212 
1018 «08 3:0 
LOY 299635 
OL LOO 
Ode OOS 


Deviation 


sie Zeks 2 
= SUB U. 
-0032 
,Oett 
me 07 


The following two pages contain two pictures comparing the 
results of this program using the data as shown in the example. 
In FIG. C-10 the least squares coefficients were obtained using 


the 3rd degree polynomial used in the example. 


This polynomial 


with the coefficients, was interpreted over a grid. The 


resulting Z values were contoured. 


The lines of. black dots 


are the (XP,YP) positions of the input ZP value. 


FIG. C-1ll was produced with a 5th degree polynomial instead of 


Bo 3rd. 


Note that the 3rd gives a better fit. 
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Figure C-10 
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Figure C-11 
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0. ABSTRACT 


A method is proposed which facilitates digital and 
hybrid computation of tidal motions for a coastal inlet or river 
system in which there are many bifurcations, confluences, 
islands, etc. The inlet is divided into overlapping segments 
and the tidal motion is computed for each segment separately 
over a time increment short enough to ensure that errors due to 
neglect of neighbouring segments are confined to the regions of 
overlap. The tidal motion for the whole inlet at the end of 
each time increment is found by discarding erroneous portions of 
the solutions for the various segments and piecing together the 
remaining parts. 


This approach permits hybrid simulation of large inlet 
systems even when the amount of analog equipment available is 
limited. In purely digital computation of tidal motions, the 
difficulties of programming a single large difference scheme to 
cover a whole inlet system can be avoided by this proposed 
process of division into segments. The problem is reduced to 
linking standard subroutines representing commonly-encountered 
features such as bifurcations and confluences. 


Results are presented of a simple numerical experiment 
designed to test the validity of the proposed method in a known 
physical, situation and to compare various methods of linking 
adjacent segments. 
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1. INTRODUCTION 


This report deals with digital applications of a 
method devised originally to facilitate analog and hybrid 
simulation of systems governed by hyperbolic partial . 
differential equations. A common technique in analog simulation 
of such systems is to discretize the space variable(s) and so 
obtain an equivalent system of coupled ordinary differential 
equations, one for each of the spatial grid points, with time 
as the independent continuous variable. Applications are 
limited however by the need for considerable amounts of analog 
equipment if the domain governed by the equations is large. For 
a second-order hyperbolic equation, such as that governing tidal 
motion in inlets or rivers, each grid-point requires two 
integrators and thus the size of system which can be simulated 
on a typical general purpose analog computer is quite restricted. 
A possible solution to this difficulty lies in dividing the 
domain of interest into segments small enough to be simulated 
individually with the available equipment and then piecing 
together the various part solutions so obtained to find the 
solution over the whole domain. Obviously, it is necessary to 
implement this type of scheme on a hybrid computer rather than 
Of an anaiog, since Jt 1s, impracticable to undertake the 
required data-handling operations without the assistance of a 
digital computer® 


One such hybrid technique has been suggested by Hsu 
and Howel for systems governed by parabolic or hyperbolic 
equations. The spatial domain is divided into a number of 
smaller segments and the solution for each segment in turn is 
found using stored solutions from adjacent segments to provide 
boundary values. Since only one segment at a time can be 
updated, these-boundary values are at first slightly OUL OF Gate 
and the solution in each segment departs quite rapidly from the 
true solution. However, if solution proceeds’ in small time 
steps, with iteration at each step, the solution in each segment 
converges to the corresponding part of the correct overall 
solution. 


This paper describes a related but more economical 
method which, at the cost of some minor extra computation at — 
each time step, eliminates the need for time-consuming iteration. 
Unlike Hsu and Howe's method, applications are apparently limited 
to hyperbolic equations since the proposed method requires the 
condition that physical effects should propagate at finite 
speeds; this holds for hyperbolic but not for parabolic or" 
elliptic systems. The domain of interest is again divided into 
small segments but now adjacent segments are arranged to overlap 
to a certain extent. The solution in each segment is advanced 
separately over a time interval sufficiently short to prevent 
errors due to the effective 'freezing' of solutions in adjacent 
segments penetrating past the region of overlap at each edge. 


lreferences are listed on page 


After the solutions in all segments have been updated over the 
same time step, those parts of the solutions which are affected 
by errors are discarded. Provided the segments overlap 
sufficiently, the remaining portions of the solutions suffice 
when pieced together to give the solution over the whole domain 
at the end of the time step; there is thus no need for 
iteration. 


The practical problem of interest to the writer is the 
prediction of tidal motion in rivers, estuaries and coastal 
inlets. Although the proposed "method of overlapping segments" 
was devised to permit simulation of complex systems on a medium- 
sized hybrid computer, it became apparent that it could also 
facilitate digital simulation currently being undertaken and the 
remainder of this paper is concerned with digital applications. 


Similar physical features, for instance, bifurcations, 
May recur at many places in a long river or inlet, but in the 
normal method of digital simulation, one large finite difference 
scheme is set up to cover the whole river. Each bifurcation or 
other feature is accounted for separately by introducing 
appropriate special elements into the coefficient matrix of the 
difference scheme. Economical simulation of a large system 
requires efficient solution of the difference equations at each 
time step; with present methods this implies preparation of 
special algorithms which are specific to a particular difference 
scheme and physical system. Even minor changes in the 
Simulation, for the same system, may involve lengthy reprogram- 
ming, and for any other system, complete reprogramming is 
normally required. If, as suggested here, the river is first 
divided into a number of overlapping segments, each of which 
covers one bifurcation or confluence, etc., the simulation 
program can be built up quickly by repeated use of a few standard 
subroutines, one describing a bifurcation, one a confluence, and 
so on. At every time step,.each segment is solved separately by 
the appropriate subroutine and then the solutions are pieced 
together to give the updated solution for the whole river. Even 
major changes in the simulation then often involve alterations 
in the use of only one or two subroutines. Further, the same 
subroutines may be used (with appropriate data) in the 
Simulation of any other river or inlet governed by the same type 
of equations 


The simulation of tidal motion used here to illustrate 
the method is only one of a number of applications in which the 
method of overlapping segments could facilitate digital solution 
of complicated hyperbolic systems. Other fields of application 
and techniques for handling some specific problems are discussed 
in the concluding section (84) of this report. 


2. $THE.METHOD OF OVERLAPPING SEGMENTS AS APPLIED TO 
TIDAL MOTION IN RIVERS AND COASTAL INLETS 


For calculation of tidal motion in rivers and narrow 


inlets it is usually sufficient to use the following one- 
dimensional form of the shallow water equations2 


oh dh du 


Ben aR TeR ae Gg (1a) 

ou ou oh > qu 
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where h = water level, u =-velocity, x = distance, t = time, 
gq = lateraleintlow,e qe mccelieratiom due; to) gravity, Soo= 


channel slope, and S¢ = friction slope. Some authors’ use 
discharge Q in place of u as the second dependent variable, 

but whichever form is used, the equations are of hyperbolic 
type. This is a concise way of stating that the characteristic 
curves of these equations lie in the real (x,t)-plane; the 
corresponding physical property is that effects are transmitted 
at finite speed (ie. wave speed) in such systems. This feature 
is the basis of the method of overlapping segments. 


2.1 Double or Bilateral Overlap 


Suppose that the system to be simulated has been 
divided into a number of overlapping segments and consider the 
overlap between any two segments, for instance the shaded 
region around join B between the confluence Segment 1 and the 
bifurcation Segment 2 in Figure 1. Segment 1 will be taken as 
extending= distance L to the right of B,, as far .as C, and 
Segment 2 distance L to the left, as far as A. This case, in 
which both segments extend past the join, will be referred to 
asidouble*’ or bilateral. overlap. 


The times taken for disturbances to propagate from A 
to B or from C to B are approximately equal to L/c where c is 
the wave speed at B. Consequently, if initial conditions 
are known throughout the river at time t=0, the solution in 
Segment 1 can be computed over some interval At somewhat less 
than L/c without errors due to neglect of Segment 2 propagating 
past B. Similarly, the solution in Segment 2 can be advanced 
over At with errors confined to stretch AB. On discarding 
the erroneous solutions for stretches BC and AB obtained while 
solving Segments 1 and 2 respectively, the remaining parts of 
the separate solutions up to the join B, when considered 
together, constitute a valid solution for the region covered 
by the combined segments, including the neighbourhood of the 
join. Similar operations have to be performed at each time 
step at all joins between segments, for instance where 
Segments 1 and 2 overlap adjacent upstream and downstream 
segments. When the solution has thus been advanced over 
At for the whole river, the same cycle of computations 1s 
then carried out for the next time step, and so on until the 
desired time range has been covered. 


SEGMENT 2 


(bifurcation) 


SEGMENT 


(confluence) 


Figure 1 Join with Double or Bilateral Overlap 


SEGMENT 1 


SEGMENT 2 


Figure 2 Details of Join with Double Overlap 


2. lel “Combination ef mumerical solutions at ‘a join with double 
overlap 


For the purpose of discussion, it will be assumed that 
the dependent variables are discharge Q and water level h and 
the difference scheme to be used is one in which both Q and h 
are evaluated at every grid-point at each time step; mixed 
boundary conditions are to be supplied in the form of hj(t) at 
the first grid-point and Qy(t) at the Mth (final) grid-point 
(see § 2.4). . 

When double or bilateral overlap is employed, the two 
adjacent segments will usually be arranged to extend an equal 
number of grid=points past their join’ B; as for instance in 
Figure 2, which shows a case with overlap of two and one-half 
grid sections. Grid-points near the join are considered common 
to the grid-systems of both Segments 1 and 2. For a given 
bhame-Step; “say O(n-1) -At“to At, a set’ *of ‘difference equations 
with boundary values hy (1) (n. At) and Qu (1) (n. At) has to be 


solved for the values hy ‘!) (n.At), Qy (1) (n.at),...,hy) (n.at), 


Quy 61) (n. At) Of “and OC ‘at the M grid-—points of Segment -) and a 
similar set of equations with boundary values hj (n At) and 


Qn 62) (n. At) must be solved for h, §2) (n. At), EE. On $2) (nt) 


at the NWN Gritd=points “of Segment 2+" Inypgeneral, since boundary 
conditions are given erie at the ends of the system, the 
boundary conditions Q™ 1) (mn.At) and hy (2) (n.At) are unknown. 


Only a small error should occur if Quy '2) ({n-1} At), which is 
available from the previous step, is substituted for 

Qu 61) (n. At) while solving the difference equations for 
Segment 1 and the same should hold if hy (2) ({n-1} .At) is used 


Le pace lor hy (2) (n.At) for Segment 2. The values of h and Q 
at grid-points close to the ends of the segments must be 
affected by these approximations, but if At is sufficiently 
small, appreciable errors should be confined to BC in the 
case of Segment 1 and to AB in the case of Segment ae 

Thus in the example shown in Figure 2, the vector 


(yen woe Se Crpee enc) se ociyes | 2) (2) a) 
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should be a satisfactory solution for the region of the join. 
222° Single or Unilateral Overlap 


If the various segments which constitute the system 
are treated at every time step in a fixed sequence starting 
from a point at-which boundary conditions are prescribed, a 
system of single or unilateral overlap, which is more 
economical than double overlap, can be employed. Considering 
Figure 3, in which Segment l extends past the join B as far 


SEGMENT 2 


SEGMENT 


Figure 3 Join with Single or Unilateral Overlap 
SEGMENT 1 
(1) (1) 
Dis av 
(1) (1) 
M-6 M-5 M-4 Qm.3 M-2 M-1 On 


SEGMENT &2. 


Figure 4 Details of Join with Single Overlap 


as C, it can be seen that there is no need for Segment: 2. to 
extend to the left of B provided that Segment 1 is solved 
before Segment 2. This follows from the fact that if the 
time-step At is less than L/c, error in Segment 1 is confined 
to the overlap region BC, and the correct updated solution 

at B is available for use as a left-hand boundary condition 
in the subsequent solution of Segment 2. If the erroneous 
solution for BC obtained while solving Segment 1 is discarded, 
the remaining part plus the solution from Segment 2 constitute 
a valid solution for the whole region covered by the two 
segments’. 


Since solutions must be computed twice in regions of 
overlap, first when Segment 1 is solved and again for Segment 2, 
Single overlap obviously requires less computing effort than 
double overlap. 


2.2.1 Combination of numerical solutions at a join with 
single overlap 


As an illustration, consider Figure 4, which shows 
a join with single overlap (extending three grid-sections past 
join B) at which the intended sequence of solution is Segment 1 
followed by Segment 2. For a given time-step, say (n-1).At to 
n.At, Segment 1 must be made to extend past join B since the 
correct right-hand boundary condition Qu 61) (n. At) is 
unavailable. If the last available value, Qy(1) ({n-1}.At), 
is used in place of Om (4) (n. At) ana to At as surrtciently 
small, error should be confined to the region of overlap BC. 
Consequently, when Segment 2 is solved, the updated value 
ent) obtained while solving Segment 1 is valid for use 
as the left-hand boundary condition po inevine) of Segment 2, 


which therefore need not overlap to the left of B. With this 
method, the vector, 

(1) C1) alk) (1) CU) CPN RP Re) 2a 
m6" "M-5' Qm—-5¢° Py-4ge Qv-ge Bye O71 BQr Qe hy 


should give a satisfactory solution in the region of the join. 


eine DO ee 


In some difference schemes? h and Q are evaluated at 
alternate grid-points on alternate time steps. There is no 
basic difficulty in employing this type of scheme in 
conjunction with the single or double overlap variations of 
the method of segments, but if the amount of overlap has to be 
changed it must be incremented or decremented in units of two 
grid sections in order that the grids of adjacent segments 
should match. 


2.3 Prediction of Boundary Conditions at Joins 


In the procedures described in 88 2.1.1, 2.2.1 it was 
suggested that when an updated boundary condition was 
unavailable, the most recent value of the same variable should 
be substituted. For instance, in the illustration of single 
overlap discussed in §2.2.1, the value Oa ({n-1}.At) was used 


as the right-hand boundary condition of Segment 1 in place of 
the still unknown Qy 1) (n.At). An obvious refinement, which 


requires negligible extra computing effort, is to predict the 
unknown boundary condition by extrapolation from immediate 
past values. For instance, the first-order prediction for 


Ou‘? (mn. At) as 
oft) cn At) = QU ein 1 tie ac meg (Oy? ({n-1} dt) - Qt?) ({n-2}.At) J 


Higher-order prediction schemes employing three or more past 
values could also be used, but these will not be considered 
here. The scheme described in 82.2.1, where the unknown 
boundary condition is replaced simply by its last known 
value, amounts to zeroth-order prediction. 


Prediction can be used in the case of double overlap 
also. « Using, the terminology. of. $2.1..h,. the first-order 
prediction for the unknown left-hand boundary value of Segment 2 
is 


nt?) (nat) = nt?) ({n-1} At) + At. (hy*? ({n-1}.At) : ny?) ({n-2} At) ] 


while the formula for the right-hand boundary value GG) (anes 


of Segment 1 is the same as in the single overlap case above. 


The differing effects of using zero and first-order 
prediction for the unknown boundary conditions are illustrated 
ins3e 


2.4 Note on Boundary Conditions 


The illustration used in the foregoing text and the 
following numerical experiment assumes that h(t) is specified 
at one boundary while the other dependent variable, Q(t), is 
specified at the other boundary; this situation, which will be 
termed the h-Q case, is the one normally encountered in coastal 
inlets. and ‘tidal rivers 94, However, in studies of straits for 
instance, it is-.more likely that h(t) will be known at both 
ends of the system (from tide gauges) while Q(t) is not known 
at either end. Possibly in other physical contexts the Q-Q 
case may occur also. 


h a eee h(D,t) 
| 


<— . > 
| 
Jain 
h (O.t) SEGMENT 1 | 
| | 
AP Wy A a” (t) 
| h (D.t) 
SEGMENT 2 
Figure 5 Representation of h-h case as two h-O cases 


Double Overlap 


Figure 6 Closed Curve Domain 
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With ordinary methods, some alteration is required 
in a program written for one set of boundary conditions before 
it can be used for either of the other two cases, but the 
concept of overlapping segments permits a subroutine written 
for the h-Q case to be used without alteration in h-h and 
Q-Q problems. Figure 5 shows the reduction of an h-h case 
to two segments. If appropriate values of Q are exchanged 
between the segments at each time step, then one segment 
is an h-Q case and the other Q-h. These are identical from 
the programming point of view and can be solved by the same 
subroutine. A Q-Q case permits similar division into Q-h 
and h-Q cases. 


Another illustration of the flexibility of method, 
though one which is mainly of academic interest, is where the 
domain of interest is a closed curve such as in Figure 6. 

The coefficient matrix for a one-dimensional implicit scheme 
for this domain can readily be seen to have non-zero terms in 
the upper right and lower left corners and these indicate that 
a specific inversion algorithm is required for conventional 
solution of this system. If however the domain is considered 
aS a somewhat longer curve joined at a certain point, beyond 
which the ends overlap, as shown in Figure 6, then the problem 
can be treated by the double overlap version of the method of 
overlapping segments. A standard subroutine for the h-Q case 
discussed above can be used for this if h and Q values are 
passed from points overlapped to the respective ends at each 
time step. 


3. A NUMERICAL EXPERIMENT WITH THE METHOD OF OVERLAPPING 
SEGMENTS 


The validity of the proposed method was tested for 


a simple physical situation in which analytical solutions were 


available for checking the computed results. The test case 
chosen was the simulation of one cycle of the standing wave 
component of the tidal motion in a uniform stretch of river 
with a bed of rectangular cross-section. In practice, it is 
unlikely that a uniform stretch of river would be split into 
segments (except as discussed in § 2.4), but the procedures 


AES 


followed and presumably their effects also are very ssimilar for 


all types of segment and it was considered unnecessary to 
complicate the demonstration by introducing bifurcations, 
confluences, etc. 


Assuming negligible friction and zero mean flow, the 


governing equations for small-amplitude waves in shallow water 
of depth d ina rectangular channel reduce to 


dh 1 9 
Reena paket sae? 


where b is the channel width. With the mixed boundary 
conditions 


(0, £)o2= Hee oH CG's 4at (3a) 


II 


Q(D,t) = Q,, = Heb sin S Sintie B9(3B) 


Supplied in this test, the analytic solutions .to equations (2) 
are 


hs p.tie=SH acosant cos = (4a) 
OLx tly 4.HCb.sinnubesin = (4b) 


The numerical values chosen correspond to a fairly ae hoe 
mile stretch of the St. Lawrence River, which, for the Bees 
of the test was represented by a grid with one-mile secti 2 


Values used were: 
Cnr rt. 


0.00014056 rad/sec. a 
316,800 ft. (i.e. 60 miies) 


wave-amplitude H 
tidal frequency w 
reach length es 
c 
X 


i Of) ace 
channel width 50:0 
wave speed (ga) % = 50 ft vsec. 
grid section length A Hanus fe. 
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The accuracy of each solution computed was judged by 
simultaneously computing rectangular approximations to the 
following error criteria: 


t7p 
re Me. 2 
=, = | : sD computed n analytic’ dx. dt (Sa) 
0/0 


| 6D 
| 2 
0-0 


Frequent reference will be made in the following 
sections to the non-dimensional mesh ratio 


~ Cane 
Ax | (6) 


which is an important parameter in finite difference 
approximations to wave equations. Essentially r represents 
the number of grid intervals through which effects should 


propagate during a time interval of length At. 


Finite difference methods for wave equations and for 
hyperbolic systems in general can be divided into two classes, 
explicit and implicit. In explicit schemes, the unknown 
variables at the end of each time step are expressed explicitly 
in terms of values known at the end of the immediately 
preceding time step(s) and so the difference equations to be 
solved are uncoupled and relatively simple to solve. However, 
explicit schemes are computationally unstable when the mesh 
ratio r is greater than unity. Since it may not be possible 
to predetermine r in non-linear problems, implicit schemes, 
which are stable for all values of r, are quite often 
preferred. Other factors, such as their differing effects on 
wave amplitude and effective speed of propagation also influence 
the choice of which of the two techniques to use in a given 
problem. 


The main disadvantage of implicit schemes is that 
they require more programming and computational effort than 
explicit schemes. The term ‘implicit' indicates that at each 
time step the difference expressions used to find the unknown 
values at each grid-point include unknown values at neighbouring 
grid-points and not just known values from previous steps. 
Consequently, a large set of simultaneous difference equations 
has to be solved at each time step. The non-zero terms in the 
coefficient matrices of these schemes are generally grouped 
close to the main diagonal and very substantial economies 
in computing time and memory space requirements can be achieved 
if special algorithms are used for the inversion operation 
required at each time step instead of general-purpose equation- 
solving programs. 
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Features such as bifurcations and confluences in the 
System being simulated contribute non-zero terms far from the 
main diagonal of the coefficient matrix which complicate the 
solution procedure quite out of proportion to their number‘. 
Further, since their precise positions in the coefficient 
matrix depend on the geometry of the particular system being 
considered, an algorithm written for one river or inlet can 
very seldom be applied to another. Thus, with the conventional 
approach, a major programming effort is necessary 1f an 
implicit difference solution is required for some new system. 


If on the other hand the method of overlapping 
Segments is used, many different systems can be represented 
as particular combinations of a few standard "building blocks" 
(confluence, bifurcation, island, etc.) for each of which a 
Standard subroutine can be used. Writing these subroutines 
is not a trivial matter, since they themselves have complicated 
coefficient matrices, but the number of special non-zero off- 
diagonal terms to be taken into account in any one subroutine 
is substantially less than in the overall coefficient matrix 
for the whole system. These subroutines can be checked out 
individually, and since they may be used in any system 
governed by the same partial differential equations, it should 
| be worthwhile spending some effort on optimizing their coding. 


3.1 Application of an Implicit Difference Scheme 


The implicit difference representation of equations 
(2) chosen for the numerical tests was the well-tried scheme3 


h, = h, (n.At) | (7a) 
Pe ea gS a tO oe sea a le mee ane ae 
m+1 m m+] m+ 1 m= “=m P F ‘ 
n seagale hata iar 8 peem Pees Copal og # | we MeL 
Qt = Qn a[(ne, 5 et)? = (he ho eh ea sl a mkeedeas Chic 
QF = O(n. At) (7d) 
M M ‘ 
where a = corinne B = a and superscripts and subscripts 
2gbd.At’ 2 Fat 


refer to time and space respectively. h, (n.At) and Q, (n-At) 


are of course specified by equations (3) in the present example. 


Figures 7 and 8 show the discrepancies EY and Eg 


between computed and analytic solutions of the test problem 
for the following methods in turn:- 


a) conventional solution of the entire 60-mile stretch of 
river as one unit, using implicit scheme (7) above. 


b) division of the river near the mid-point into two 
segments with double overlap at the join and zeroth- 
order prediction of unknown boundary conditions, as 
described, im" 32.1.4. 


c) division into two segments as in b) but with first- 
order prediction of boundary conditions (32.3), 


dad). division “or the river’ at” the wid-point into two 
segments with single overlap at the join and zeroth- 
order prediction of the unknown boundary condition 
for the“first Seqment “(92.2..1) 


e) division into two segments as in d) but with first- 
order prediction of the boundary condition ($2.3). 


Implicit scheme (7) was used throughout for the individual 
segments. All five cases were run with two different values 
of the non-dimensional mesh ratio, r=1.0 and 2.5. The former 
is the limiting value? of r for explicit schemes (see §3.2 for 
comparison between implicit and explicit solutions) and r=2.5 
lies near the maximum value of r for which the effects of 
truncation error remain acceptable. 


Computations were carried out in Single precision 
FORTRAN on a Univac 1108 36-bit word computer. Round-off 
error was checked by repeating runs in double precision 
arithmetic; in all instances this altered E, and E. by less 
than 1%. 3 Q 


3.1L.1L Discussion of results 


Results of casesa) to c) for r=1.0 and r=2.5 are 
presented in Figures 7 and 8 respectively, which show the 
variation of E...and E, with .the number...‘ ,./o&.grid-section 
lengths of overlap alfotted to each segment at the join. In 
case a) where the system is solved as a unit, the integral 
square errors E, and E. are independent of k, since there is no 
join, and are represented by the horizontal lines a-a on the 
appropriate figures. 


Figures 7 and 8 show clearly that in cases c) and e) 
the values of Ep, and Eg for all magnitudes of overlap k are 
very close to the respective values obtained when the system is 
solved as a unit (case a; line a-a). This means that for the 
test case studied, both the single overlap and double overlap 
methods with first order prediction give solutions which are 
practically identical to those obtained by the conventional 
method in which the whole system is solved simultaneously. 

This result, which hopefully will be found to hold for other 
hyperbolic systems, is most satisfactory since it implies that 
the method of overlapping segments may be used in conjunction 
with a.given implicit difference scheme without invalidating 
expertise already acquired in the use of that particular scheme. 
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Figure 7a Error inh for r =1-0 versus Extent of Overlap 
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Figure 7b Error in Q for r =1:0 versus Extent of Overlap 


1079 

Xx 

+] + 
+ 
10" * 
Be 
Eq 
(ft/sec) 
oo 

102° ig 

v Ar 4 O 

Sa 
a O 


O 
a OX OXOX OXQXOX OXOXOXOX OXOX OX OXO XO XOX OX OXO XOX OX OXOXOXOXOXOXOXO-a 
(3) 


ie) 
oO 
O 


10° 
rs) 10 20 30 


K - No. of grid sections of overlap 


. 


Double overlap, zeroth-order prediction - case (b) 
Double overlap, first-order prediction - case (Cc) 


Single overlap zeroth-order prediction - case (d) 


Ooo x + 


Single overlap, first-order prediction - case (e) 


ay 


Figure 8a Error in h for r = 2-5 versus Extent of Overlap 
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Figure 8b Error in Q for r = 2:5 versus Extent of Overlap 
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in conjunction with a given implicit difference scheme without 
invalidating expertise already acquired in the use of that 
particular scheme. 


Tt should be pointed out that E,. and EQ were computed 
up to much larger values of k than would be contemplated in 
practice. If the results shown’are found™to be typiléal, then 
ae Should be adequate to havek=1/2 for double overlap or k=1 
for.single overlap in all applications, provided that first- 
order prediction is also used. 


Zeroth-order prediction of unknown boundary conditions 
(cases b and dad) on the other hand, gives values of Ep’ and Eo 
which vary considerably with overlap k and which on the whole 
aresercaver than Bp and Bo. torecasena)..~ Poss the data used*in 
the test, errors of Ep = 108 (ft3/sec) ~and Eg = 1021 (ft’/sec) 
correspond roughly to average discrepancies between the computed 
and analytic solutions of about 1% of peak values during the 
cycle, so that with one exception (k=1/2, case b), the 
discrepancies found are at worst about 2%. The very large 
errors in the exceptional case are undoubtedly due to inadequate 
length of overlap... It is not known why similar large errors do 
not occur with single overlap (case d), even when r is aS large 
as 2.3% 


The improvement obtained by using first-order instead 
of zero-order prediction indicates that second or higher-order 
prediction of the unknown boundary conditions should probably 
bring about even closer conformity between solutions computed 
using overlapping segments and those obtained by conventional 
methods. However, agreement is already so close with first- 
order prediction, thatphigher-ordersrefinements ‘are.scarcely 
worthwhile. 


One moczfication’ to the first-order prediction 
technique which might produce a detectable effect would be the 
intseduction.ef iteration.at»the very,faxsk times stepaas Since 
only the most immediate past values, i.e. the initial values, 
are available on: the.first-step,,prediction) of,,unknown boundary 
values at the ends of.segments. can only be zeroth-order unless 
iteration is used. If the first step is performed twice, 

(or more), values obtained on one attempt can be used as 
estimates for the unknown boundary conditions during the 
subsequent one. 


3.2 Application of an Explicit Difference Scheme 


Provided that certain simple rules concernina 
arrangement of overlap and exchange of boundary values are 
followed, solutions obtained when the method of overlapping 
segments is used in conjunction with an explicit. scheme. are 
exactly the same as when the system is treated as a whole 


with the same difference scheme. As an example consider the 
popular 'leap-frog' method3, which for equations (2) takes 
the form 


2rd se eee 2n 2n M-2 
Comins Pom Le omoes aia Lintade 23 kee ie 
ocMhles! 6 Jeanna) (8b) 
AGP I eheon, WR BMOS Ia (8c) 
Ala? 2h toes Cin 2 2071 (2 and d M-1 
Domtd. Ts r2meke, Meee. Ine eueaet Bol & ae @ a 


where Y= gene, § = ao and superscripts and subscripts 
refer to time and space respectively. Values of-h and Q are 
worked out in this case at alternate points in the space-time 
grid as shown in part in Figure 9. Double arrows converging 
on a point in this figure indicate which earlier quantities 
the value at that point is related to through equations (8). 


Suppose that the solution is known up to some 
arbitrary point in time, say 2n.At and that it is now required 
to find Q for even-numbered grid points at (2n+l1).At and h for 
odd-numbered grid-points at (2n+2).At. Considering first the 
system as a whole, it can be seen that in one complete cycle 
of computation i.e. two time steps, the value at any given 
point depends on previous known values spaced at most two 
grid-points from SeGPas in question e.g. pes farthest 

n n n 
values on which Asmat Soe are nS ne-l and nS at3° 

Consider now the situation if, instead, the system 
is divided into two segments at some grid-point, say 2m+tl as 
indicated in Figure 9, and the individual segments are solved 
by means of scheme (8). Provided that an overlap of two 
grid-section lengths is allowed and that the values Bebe, 
howe found for Segment 2 during the previous cycle are 
attributed to the appropriate grid-points in the region of 


overlap of Segment 1, then A Sui: is identical to the value 


computed when the system is treated as a whole. The same 
result is obviously true for Gee which does not depend on 


known values to the right of the join and for all other values 
computed at’ -(2n+1) At and- Zn ac i POU Segmenra, 
Therefore, in the case of the leap-frog scheme (8), an overlap 
of two grid-sections plus appropriate transfer of known values 
between segments ensures identity between the conventional 
solution and that found by the method of overlapping segments 
with single overlap. Analogous results hold for double 
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overlap or when other explicit difference schemes are used. 
Contrary to the situation with implicktmschemess ($2.3), the 
question of prediction of unknown boundary values does not arise. 


Values of 1.5 ano! and 9.6 Be tea were found for E, 
and E, in the test problem when the explicit scheme (8) was 
appliéd with r=1.0, the results being the same of course whether 
the system was solved whole or in two or more segments. For 
comparison, E, and Eg for the system treated as a whole by the 
implicit scheme (7) were 4.1 .106 and 5.9 .1019 (line a-a in 
Figure 4). 


3.2.1 Discussion 


It has been shown that introduction of the method of 
overlapping segments does not affect solutions when an explicit 
difference scheme is used. At first sight, programming would 
appear to be complicated rather than simplified, but for a- 
system with a complicated domain, the advantages of being able 
to make repeated use of subroutines to solve similar parts of 
the system would probably outweigh the disadvantages of having 
to exchange data between segments. The use of the method of 
overlapping segments in conjunction with explicit schemes is 
probably best justified in some of the more sophisticated 
applications mentioned in 84, which are difficult to solve 
otherwise. 
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4. FUTURE DEVELOPMENTS AND APPLICATIONS 


Work now in progress on simulation of tidal motion in 
the Fisher-Fitzhugh Inlet, British Columbia, a complicated 
branching inlet with two bifurcations and six confluences, 
indicates that. thesmethod;of overlapping,segments yields: results 
which agree well with those of alternate numerical methods. It 
is hoped to check all the results against field measurements 
in the near future. Assuming that these and other more 
extensive numerical tests confirm the validity of the method, 

a number of interesting and useful applications can be foreseen, 
some of which are outlined below. 


a) Extension to two or three space dimensions 


The physical argument on which the method is based 
applies equally well to hyperbolic systems with more than one 
space dimension and since the complexity of programming with 
the conventional approach increases substantially with the 


number of @imensions involved, it can be expected that the use 
of overlapping segments will simplify both the conceptual and 
programming aspects of such problems. This can be foreseen 


particularly in cases where the governing equations involve 
different numbers of dimensions in different parts of the 
system. For example, a river which can be adequately 
represented for most of its length with one space dimension, 
perhaps as in equations (2), may widen at some points into 
lakes or an estuary where two space dimensions may be 
essential for adequate representation. When this type of 
system is treated as a whole, particularly when an implicit 
scheme is employed, programming becomes very involved and 
division into overlapping one- and two-dimensional segments 
should make such problems much more manageable. 


b) Systems with different time-steps 


The method provides a simple means of economizing on 
computer time where different time-steps are appropriate in 
different parts of a system. Consider: form instance;,c ananlet 
which is relatively shallow in its upper reaches. If the 
section-lengths in the spatial grid are dictated independently 
by factors such as variation in inlet width, one way to take 
advantage of the lower wave speeds in the upper reaches is 
to take larger time-steps in these parts. This! ase nor a 
simple matter to arrange when one overall difference scheme 
is used but is easy to program with the method of overlapping 
segments. The procedure is particularly straightforward if one 
segment can be given a time-step which is some integer N times 
that required for another. The latter segment is then solved 
N times for each step made with the former. Arrangement or 
overlap and interpolation for intermediate values at the joins 
is not unduly complicated. 


eh, 


c) Moving high-resolution grids 


Closely connected with the proposal in b) above is 
the possible use of variable spatial grids in a class of 
meteorological problems. Currently there is need for numerical 
methods which permit use of a fine grid which moves with a 
front or hurricane while a more economical coarse grid is used 
whenever conditions are moderate. The method of overlapping 
segments seems to offer one straightforward way of coping with 
this problem. 


The domain in question would first be divided into a 
Suitable number of overlapping segments. In the example shown 
in Figure 10, 11 of the 12 segments (shown without overlaps) 
would be solved using a coarse grid, but the segment in which 
the storm was located, in this case Segment 6, would be 
handled with a finer grid. At some point, as the storm 
moved towards a neighbouring segment, say 7, it would become 
necessary to use a fine grid in that segment also, and at 
times it might be necessary to have more than one segment so 
treated. Of course, 6 could revert to coarse grid when the 
storm was well into 7. 


The interpolation problem at the boundary between the 
fine and coarse grids is much the same whether the fine grid 
moves or not. In this example, each segment would be solved 
by calling one or two standard subroutines; one assuming a 
coarse grid, the other using a fine grid and having built-in 
procedures for interpolating at the segment boundaries. It ,is 
convenient to make the coarse grid interval some integer 
multiple N of the fine grid interval. If an explicit 
difference scheme is used, N time steps of size At/N are taken 
in the fine grid segments for each step At taken in the coarse 
grid segments. If an implicit scheme is used, the time-steps 
in both the fine and coarse grid segments could remain the 
same, provided that the non-dimensional mesh ratio r is nowhere 
too large. 


d) Mixed analytical-numerical models 


Once a system is divided into segments, it should be 
possible to use different techniques for different segments. 
The most interesting situation would be when some segments were 
amenable to analytic and others to numerical solution. An 
example is tidal motion in the inlet shown in lengthwise section 
in Figure 11. This fjord-type inlet has a sill near the mouth, 
a deep, practically uniform middle reach and shallows near the 
head. If the inlet is treated in three segments as shown and 
the solution in the uniform middle Segment 2 can be represented 
by some analytic expression while the variable-depth Segments 1 
and 3 are treated numerically, the simulation should obviously 
require less computing time than it would if the whole system 
were treated numerically. The economies in computer time and 
storage requirements resulting from this mixed analytical- 


25 


BOUNDARY OF DOMAIN OF INTEREST 


BOUNDARY 


eee 
i.e eee 
EREr eRe 
ele 


AYVGNNOd 


03 


11 


10 


BOUNDARY 


Arrangement of Segments for Moving Grid Example 


Figure 10 


26 


Surface 


__SEGMENT 1 # SEGMENT 2 | SEGMENT 3 


ks |b Sama Ea ar olan STMT Er Teer" Beep reas car ey ae ae a a 


Figure 11 ~Lengthwise Section of an Inlet 
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numerical approach could be quite substantial in two and three- 
dimensional systems. Details of the process of combining 
solutions from the different segments at the end of each time 
step remain to be explored. 


e) Extension to parabolic and elliptic systems 


Although at first sight the dependence of the method 
on finite speeds of propagation appears to limit applications 
to hyperbolic systems only, there are grounds for expecting 
it to work satisfactorily in parabolic systems. While in 
theory, physical events in diffusive systems produce effects 
at large distances within an infinitesimal time, in fact the 
distance over which practically significant effects are 
apparent is finite. By deciding at what level quantities 
can be considered insignificant in a given system, it should 
be possible to determine an upper bound L for the distance 
over which appreciable effects can be transmitted in a given 
time ancerval At. “FArs permits introduction of the concept 
of an equivalent propagation speed L/At, and application of the 
method of overlapping segments. 


Elliptic equations would require temporary augmentation 
to parabolic or hyperbolic form before the method could be 
applied. For instance, the Laplace elliptic equation 
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The steady-state solution to either of these equations should 
be the required solution to the Laplace equation, provided 
identical boundary conditions are supplied. Whether the 
additional computing effort required by the introduc icn of 
the extra independent variable can be justified or not will 
depend on the complexity of the domain governed by the 
original elliptic equation and on the prior availability of 
subroutines to handle the parabolic or hyperbolic forms. 
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£) Use of several processors 


The method of overlapping segments could prove to be 
a convenient technique for harnessing several computers for 
real-time simulation of an exceptionally large problem or 
Similarly for making efficient use of multi-processor computers. 
The domain would be divided into segments fitting the capability 
of the individual processors, which could then work synchron- 
ously in parallel. It should be possible to exchange necessary 
segment boundary data between processors by using common 
memory storage. 
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